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Abstract 
 
The development of urban-scale energy systems modelling on a district-level is presently the 
target of many research organisations because of the growing interest in assessing the effect of 
energy efficiency throughout the full energy chain in urban district environments. This Master 
thesis includes an overview on energy use with aggregation at building- and a geographically 
restricted residential area level. The research was focused on three aspects to achieve 
sustainable development: selection of a modelling tool within energy engineering, energy 
systems modelling on a building-level and on an urban district-level, and an analysis of the 
magnitude of energy flows (heat and electricity) between different system components and also 
on an aggregated level on an hourly basis at predefined climate conditions. 
 
To reach the objectives, an extensive screening of 129 modelling tools was conducted based on 
nine different parameters provided in table form. Moreover, a more in-depth literature study 
was conducted in text form where a total of 21 modelling tools were reviewed addressing a 
wide range of characteristic features within each tool. The chosen modelling tool was 
“SimulationX” for this work. Other tools considered were e.g. EnergyPlan, TRNSYS, and 
Homer. SimulationX was mainly chosen because of the expected high level of detail that could 
be achieved in the modelling process and the wide range of components available to design an 
energy system, both on a building-level and on an urban district-level. Furthermore, a design 
of the requested architecture of the energy system on an urban district-level has been established 
representing the full energy chain from natural resources to energy end-use services. By the use 
of the SimulationX software and the Green City library specifically used in this project, a total 
number of three concepts were created with the general idea to present the difference between 
individual energy solutions of households compared to integrated solutions of multiple 
households for a part of a district in the area of Uppsala to emphasise the possible synergistic 
effects. The first and second concept describe the integrated energy system within a building 
while the third concept simulated a restricted residential area consisting of 67 single-family 
houses, 197 terraced houses and 120 dwelling apartments. 
 
Based on the results from the simulations the total annual energy demand for electricity and 
heat was estimated to be 4653 and 11 153 kWh, respectively for a single-family house. For a 
terraced house, the electricity and heat demand amount to 4000 and 7122 kWh, respectively. 
On an urban district-level, the model design indicates that the heat demand of 2604 MWh can 
be sufficiently met throughout the year with a TES integrated in the system, but the total annual 
electricity supply is 436 MWh lower than the demand. The main advantages with the chosen 
modelling tool are the predefined parameters and user profiles available as well as the high 
level of detail that can be achieved on a building-level. However, the tool currently lacks the 
ability to estimate CO2 emissions and calculate the investment costs required for the different 
energy system models. For future recommendations, an economic analysis can be conducted to 
calculate the investment costs required for different energy system designs. This will help future 
decision-making processes in evaluating the feasibility of an energy system and possibly what 
components that significantly might affect the total investment costs.  
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Sammanfattning 
 
Utvecklingen av energisystemmodellering på stadsdelsnivå är för närvarande målet för många 
forskningsorganisationer som ett resultat av det växande intresset att utvärdera 
energieffektiviteten i hela energikedjan i stadsdelsmiljöer. Det här examensarbetet innehåller 
en översikt kring energianvändningen med aggregering på byggnads- och geografiskt 
begränsad stadsdelsnivå. Arbetet omfattade tre aspekter för att uppnå en hållbar utveckling: 
urval av ett modelleringsverktyg inom energiteknik, energisystemmodellering på byggnadsnivå 
och stadsdelsnivå samt en analys av energiflödenas storlek (värme och elektricitet) mellan olika 
systemkomponenter och även på systemnivå på timbasis vid fördefinierade klimatförhållanden. 
 
För att nå målen genomfördes en omfattande utvärdering av 129 modelleringsverktyg baserat 
på nio olika parametrar som tillhandahålls i tabellform. Dessutom genomfördes en mer 
djupgående litteraturstudie i textform där totalt 21 modelleringsverktyg utvärderades med 
beskrivningar av de karakteristiska egenskaper som återfinns inom varje verktyg. Det valda 
modelleringsverktyget var "SimulationX" för detta arbete. Andra verktyg som utvärderades var 
exempelvis EnergyPlan, TRNSYS och Homer. SimulationX valdes främst på grund av den 
förväntade detaljnivå som kunde uppnås i modelleringsprocessen och det stora utbudet av 
komponenter som finns tillgängliga för att skapa ett energisystem, både på byggnadsnivå och 
på stadsdelsnivå. Vidare har en utformning av den efterfrågade arkitekturen i energisystemet 
fastställts på stadsdelnivå som representerar hela energikedjan från naturresurser till 
slutanvändningstjänster. 
 
Genom användningen av SimulationX-programmet och Green City-biblioteket som specifikt 
användes i detta projekt skapades totalt tre koncept med den generella metodiken att presentera 
skillnaden mellan individuella energilösningar på byggnadsnivå jämfört med integrerade 
lösningar av flera hushåll för en del av en stadsdel i Uppsala för att belysa potentiella 
synergieffekter. Det första och andra konceptet beskriver det integrerade energisystemet inom 
en byggnad medan det tredje konceptet simulerade ett begränsat bostadsområde bestående av 
67 villor, 197 radhus och 120 lägenheter. 
 
Baserat på resultaten från simuleringarna beräknades det totala årliga energibehovet för 
elektricitet och värme till 4653 respektive 11 153 kWh för en villa. För ett radhus uppgår el- 
och värmebehovet till 4000 respektive 7122 kWh. På stadsdelsnivå indikerar modellen att 
värmebehovet på 2604 MWh kan tillgodoses kontinuerligt under året med en ackumulatortank 
integrerad i systemet, men den totala årliga elförsörjningen är 436 MWh lägre än efterfrågan. 
De viktigaste fördelarna med det valda modelleringsverktyget är de fördefinierade 
parametrarna och användarprofilerna samt den höga detaljnivå som kan uppnås på 
byggnadsnivå. Däremot saknar verktyget för närvarande möjligheten att uppskatta 
koldioxidutsläpp och beräkna investeringskostnader för de olika energisystemmodellerna. För 
framtida rekommendationer kan en ekonomisk analys genomföras för att beräkna de 
investeringskostnader som krävs för olika energisystemlösningar. Detta kommer att hjälpa 
framtida beslutsprocesser vid utvärdering av ett energisystems genomförbarhet och eventuellt 
vilka komponenter som kan få betydlig påverkan för de totala investeringskostnaderna. 
 



    III 

Nomenclature 
 
In this section, abbreviations and definitions used in this Master thesis work will be presented.  
 

Abbreviations 
 
BES – Battery energy storage 
 
BIPV – Building-integrated photovoltaics 
 
CAD – Computer-aided design 
 
CFD – Computational fluid dynamics 
 
CHP – Combined heat and power (cogeneration) 
 
CO2 – Carbon dioxide 
 
COPHP – Coefficient of performance (heat pump) 
 
CPC – Compound parabolic collector 
 
e.g. – Exempli gratia; For example 
 
DER – Distributed energy resources 
 
GDP – Gross domestic product 
 
EfW – Energy from waste 
 
eMobility – Electro-powered drivetrains 
 
EU – European Union 
 
EV – Electric vehicle  
 
FEM – Finite element method 
 
FMEA – Failure mode and effects analysis 
 
FTA – Faulte tree analysis 
 
GHI – Global Horizontal Irradiation 
 
HEX – Heat exchanger 
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HVAC – Heating, ventilation, and air conditioning  
ICEV – Internal combustion engine vehicle 
 
i.e. – Id est; That is 
 
LHTES – Sensible thermal energy storage  
 
Modelica - Multi-domain modeling language for component-oriented modeling of complex 
systems 
 
MWe – Megawatts electric 
 
MWth – Megawatts thermal 
 
Mtoe – Million Tonnes of Oil Equivalent 
 
PV – Photovoltaics 
 
PHEV – Plug-in hybrid electric vehicle 
 
SHTES – Latent thermal energy storage  
 
SMHI - Sveriges meteorologiska och hydrologiska institut 
 
TCTES – Thermochemical thermal energy storage 
 
TES – Thermal energy storage 
 
TV – Television 
 
V – Volt  
 
WLTC – Worldwide harmonized Light vehicles Test Cycles 
 
FTP – Federal Test Procedure 
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Definitions 

Simulation tool or system-level simulation, simulates the operation of an energy system to 
supply a specified set of energy demands. Usually, a simulation tool operates in time-steps on 
an hourly basis over a time period of one year. 

Scenario tool, generally considers a number of years to create a long-term scenario. Usually, 
scenario tools perform analyses in time-steps over one year and compile the annual results to 
form a scenario of 20-50 years. 

Equilibrium tool, describes the behaviour of prices, supply, and demand in either a certain part 
of an economy or a whole economy (partial or general) with multiple markets. 

Top-down tool, is defined as a macroeconomic tool. It uses general macroeconomic data to 
analyse growth in energy demands and energy prices. A top-down tool is also considered as an 
equilibrium tool.  

Bottom-up tool, is used to determine the particular energy technologies with the objective to 
analyse alternatives for investment.  

Operation optimisation tool, is able to optimise the performance of an energy system with 
focus put on the operation. Usually, this type of tool is also considered as a simulation tool.  

Investment optimisation tool, is used to optimise the investments in the given energy system. 
Usually, optimisation tools can be scenario tools to analyse the investments for introducing new 
energy technologies [1].  
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 1 

 Introduction 
 
In the beginning chapter, the purpose and objectives of this work will be presented. Moreover, 
the background and the delimitations together with the problem statement and questions 
associated with the research area will be provided. 
 

1.1 Background 
 
This Master thesis is conducted at Vattenfall AB Research and Development in collaboration 
with the municipality of Uppsala. 
 
Vattenfall AB has a partnership agreement with the municipality of Uppsala regarding a 
strategic partnership to develop future sustainable energy systems [2, p. 40]. Currently, 
Vattenfall is an important supplier of heat where over 90 percent of all housings in Uppsala are 
heated up from district heating owned by Vattenfall [3]. The district heating network consists 
of pipes with a total length of approximately 500 kilometres placed below ground surface. The 
CHP plant operated by Vattenfall in Uppsala supplies district heating, district cooling, steam, 
and electricity. The electricity and heat capacity of the plant are 146 MWe and 828 MWth, 
respectively, utilising waste from industrial and domestic processes [4]. The Uppsala Climate 
Protocol (Uppsala Klimatprotokoll), established in 2010, is a local climate agreement between 
the public and private sectors with the vision to promote a future climate positive energy system 
in Uppsala, by reducing the climate emissions in the city. The network consists of 37 members 
from universities, companies, associations and public agencies with the ambition to work as a 
representative for other cities in the future climate work. In order to reach this, future energy 
systems need to be optimised that are environmentally sustainable and economically feasible 
by offering reliable, renewable energy technologies, integrated storage solutions and 
sustainable implementation of e-transport to prevent climate change environment degradation 
with the common goal to create a sustainable society [5]. This is made in order to integrate and 
utilise the contribution from residents in the energy system to cut power peaks and shift peak 
loads in time to reach a resource and cost-effective system. 
 
For the municipality of Uppsala, there is currently an ongoing transformation in the energy 
sector. The transition towards a future climate-positive energy system is influenced by high 
penetration of renewable energy sources and sustainable, resource-efficient management.  
Currently, the municipality experiences challenges with capacity constraints mainly in the 
electrical grid which limits their capability of reaching growth targets in the future. The future 
energy system is characterised by reduced energy usage and considerable advancements in 
increasing the efficiency of existing energy conversion processes. However, this development 
will not necessarily solve the capacity constraints because difficulties still remain in managing 
the winter seasons. The necessary measures in the municipality of Uppsala require a mixed 
balance between power efficiency, demand response, energy storage solutions, and decreased 
energy usage in order to reach the future energy and climate politic targets. More specifically, 
different sectors in the energy system need to interact and integrate more closely, including 
public works (e.g. public buildings, transport infrastructure, public spaces, and public services) 
in infrastructure projects that have been close to decoupled from each other. The integration of 
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distribution networks and energy storage will become essential in order to balance variations 
between supply and demand in the future energy system considering both daily and seasonal 
variations [2, p. 7]. 
 
In the design of future sustainable energy systems, a term defined as “smart energy systems” 
has gained significant importance as a result of the growing demand to deal with future 
challenges to minimise the anthropogenic climate impact [6, p. 556]. More specifically, this 
refers to lowering the CO2 emissions by decreasing the depletion of fossil fuels and finding 
ways to minimise the costs for end-users from an energy perspective [7, p. 1]. The definition of 
smart energy systems is:  ”an approach in which smart electricity, thermal, and gas grids are 
combined and coordinated to identify synergies between them in order to achieve an optimal 
solution for each individual sector as well as for the overall energy system.” [8, p. 139]. 
 
In smart energy systems, multiple sectors are included, e.g. heating and cooling, electricity, 
buildings, transportation and industry to identify more feasible and cost-effective strategies to 
increase energy saving and energy efficiency by offering advanced, innovative, and creative 
solutions in the future sustainable energy systems with high penetration of renewable energy 
technologies. Smart energy systems become essential in the endeavour to conduct useful 
analyses that present the interaction of multiple sectors within a system. In addition, the impact 
of each sub-sector will highly affect the overall system, which is why the interaction could have 
a significant impact [6, p. 556]. 
 
Multiple synergies can be carried out by considering a holistic approach of the entire system in 
contrast to taking only individual sectors into account. Moreover, smart energy systems identify 
the most outstanding solution for both the complete system and for each sector. However, more 
beneficial solutions are expected when including multiple sectors in synergy. Examples of 
various synergies are listed below [6, p. 556]: 
 

o Electricity and industry production can generate excess heat that can be utilised for 
heating buildings by using district heating. 
 

o Electricity can be utilised for heating in heat storage installations as a more 
economically feasible and efficient solution compared to electricity storage. 
Furthermore, it allows for more flexibility in the production process of a CHP plant.  
 

o Heat pumps usually intended for heating purposes can be used to offer cooling in district 
cooling networks and contrariwise. 
 

o Electricity can be used as an energy source for heating to stabilise the electric grid 
services, e.g. in the regulation of electric power markets. 
 

o Potential in energy savings in the buildings sector with space heating by utilising district 
heating with low-temperatures. Moreover, it is achievable to take advantage of low-
temperature heat significantly easier from CHP plants.  
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o Electricity can be utilised in charging stations for hybrid and electric vehicles to offer 
balancing of electricity and replacement of fuel. 

 
Distributed energy resources (DER) might have a significant effect in the prospective 
development on the energy supply management in the future. The power generation supply side 
includes renewable energy technologies, e.g. micro-CHP plants, photovoltaic systems, and 
small-scale wind turbines. Moreover, energy storage has emerged as a necessary complement 
to the intermittent, renewable energy sources (e.g. wind, solar, and heat and power plants) for 
the energy supply system. Additionally, it is a highly important solution in order to reduce 
transmission losses and to limit grid expansion. Moreover, energy storage enables integrated 
solutions with solar and wind power plants to support balancing energy [9]. It is essential to 
find ways to increase the efficiency factor. This can be obtained by increasing the efficiency 
between supplied or primary energy and usable energy, which is why an integration and 
interaction is needed between the electricity, heat and transportation sectors [9].  
 
Existing energy systems are currently advancing in a fast pace and serious progress has been 
made in developing favourable solutions. This development has been necessary since 
contemporary energy systems are not only expected to convert and supply energy to consumers. 
Energy systems also need to be designed to consider a holistic and long-term approach, where 
the environmental impact is minimised in constructing and operating the system. Moreover, 
from an economic point of view it becomes useful to assess the affordability and the potential 
advantages of such a system if applied to a larger number of inhabitants. Contemporary 
technologies are introduced and continuously being improved to meet the requirements 
aforementioned. Furthermore, a larger share of renewable energy technologies is being used to 
a greater extent and conventional power generation has reached higher energy efficiency. 
Moreover, the end-consumers are successively becoming more aware of how to reduce their 
climate impact and increase their energy efficiency. Despite all of these efforts, there are still 
significant gaps between the present supply and demand of energy at certain times of the year. 
Renewable energy technologies, e.g. solar and wind energy are highly weather dependent and 
with their intermittent behaviour, significant difficulties remain in applying these technologies 
on a larger scale. The electric vehicle is one of the more recent energy consumption 
technologies and currently requires considerable finances in infrastructure and could potentially 
create demand side variations in electricity. The difficulties and challenges aforementioned are 
all parts of the modernised, sustainable energy systems and signify without any doubt that the 
architecture, construction and operation of such a system is highly complex. This issue indicates 
that there is a large gap that needs to be covered in order to overcome potential hindrances in 
the future. Energy systems in the engineering industry and management offer a technological 
and systematic approach to propose practical designs for the implementation of such systems 
composed of many interconnected technologies and storage solutions by offering a 
comprehensive design on a system level [10]. 
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1.2 Research Questions 

 
In this section, the research questions of the Master thesis project are provided as follows: 
 

o Which modelling tool or simulation tool is the most suitable choice for this Master 
thesis project? 

 
o How is a system model containing a number of energy consuming/producing 

elements in a geographical area representing a city district designed (e.g. buildings, 
solar PV, solar thermal collectors, heat pump, heating system, CHP plant, peak-
power boiler, TES, BES, EV and/or PHEV including a charging station)? 

 
o What is the magnitude of energy flows (heat and electricity) between the different 

system components and also on an aggregated level on an hourly basis at predefined 
climate conditions? 

 
1.3 Purpose & Objectives 

 
The purpose of this study was divided into two phases. First, the purpose was to review and 
evaluate different modelling tools within energy engineering. Second, the purpose was to 
identify how to develop a method for creating an energy model on a system level, for an area 
containing all energy consuming/producing elements in a geographical area representing a city 
district (e.g. buildings, solar PV, solar thermal collectors, heat pump, heating system, CHP 
plant, peak-power boiler, TES, BES, EV and/or PHEV including a charging station). This was 
established in order to create more in-depth knowledge in the field of study by integrating 
multiple sectors (e.g. electricity, heat, transport, industry, and buildings) in the same energy 
system model and contributing to further research and development in the energy field. 
 
The main objective of this study was to design a sustainable, reliable and resilient energy system 
based on the description of three concepts to deal with the intermittency of renewable energy, 
by the use of a modelling tool. Integration and interaction between electricity, heat and transport 
(mainly e-transport) was investigated. 
 
Also, the objective was to evaluate different modelling tools and motivate how the selection 
was conducted. The selected modelling tool was used to calculate and simulate loads in the 
future energy system and the degree of self-sufficiency. 
 

1.4 Problem Statement 
 
The future energy systems need to be optimised in an environmentally sustainable and 
economically feasible manner, by integrating secure and reliable renewable energy 
technologies to prevent climate change environment degradation, reducing the carbon footprint, 
and minimising the peak loads. However, the research gap to be covered was to assess the use 
of surplus or deficit of supply in conventional systems created by the implementation of novel 
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energy production/consumption technologies in an intermittent energy system. This could be 
done by addressing multiple sectors in an integrated system covering electricity, heat, and 
transport. 
 
The inefficiency of solely considering individual sectors, e.g. electricity, heat, transport, 
buildings or industry limits the possibility to find the interaction between the different sectors 
and could affect the economic growth as well the environmental impact as the generated energy 
is not optimally utilised. Therefore, the model should be able to: 
 

o enhance energy efficiency and 
o use the maximum advantages of the integration of multiple sectors 

 
The proposed solutions needed to address the challenges of dealing with deficit of supply, 
intermittency of solar energy, seasonal variations, and capacity constraints in distribution 
networks of heating and electricity within an energy system. Renewable energy generation 
served as a basis for the subsequent benefits of the proposed solution. 
 

1.5 Delimitations 
 
This study was limited to solely consider the energy sector. However, energy cannot be 
considered as an isolated concern, which was why surrounding aspects was considered by 
addressing urban planning systems and sustainable development of infrastructure in future 
districts. Moreover, the energy integration was conducted on a system level, addressing the 
advance in energy system design, operation and planning. The study was conducted on an urban 
district-level. In addition, the goal was to focus on upgraded housing and the system design was 
based on new urban districts. The temporal resolution was set for one year with data analysed 
on an hourly basis. Furthermore, the project does not include a Life Cycle Assessment analysis. 
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1.6 Methodology 
 
The structure and strategy used in this Master thesis project is represented by a flow chart in 
Figure 1. 
 

 
Figure 1. Flow chart of the Master thesis project. 

 
The type of research study was considered from the viewpoint of the objectives of this work 
[11], stated in section 1.3. The first objective of this study was approached using a descriptive 
research. This type of study attempted to systematically provide information about the 
characteristics, suitability, and main applications of different modelling tools. The evaluation 
is provided in Appendix A and B. The research was conducted using an unstructured approach, 
where potential alternatives were considered based on available information for a total of nine 
different parameters: prerequisites, scale, application, presentation, usability, availability, 
system level, temporal resolution, and additional information. This was conducted in order to 
successfully find the most suitable choice of modelling tool to approach the second objective 
of this work using an exploratory research conducted on a small scale for detailed investigation. 
This type of research was especially suitable for assessing the potential of the selected 
modelling tool in regard to requested level of detail, desired energy flow calculations, and 
validation of data in the simulation process based on different concepts. The architecture of the 
energy system was divided into eight different categories, including [12]:  
 

o natural resources 
o extraction & treatment 
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o conversion technologies 
o energy flows 
o energy storage 
o distribution 
o service technologies 
o services 

 
More information about the architecture of the energy system is found in section 3.2.2. The 
models for simulating and assessing the performance of buildings and conversion technologies 
within heat, electricity and e-transport was conducted using the SimulationX software and the 
Green City library. This tool provides transient simulations of urban energy systems with a 
temporal resolution implemented in this project on an hourly basis for one year. The results was 
evaluated using reference days throughout the year, but also for a reference year to present the 
seasonal variations of the system design. A highly comprehensive library called “Green City” 
is offered in the software programme using drag-and-drop components to visualise the design 
of the proposed energy system. The historical data implemented in the energy system was based 
on the year of 2017. In terms of location, parameters related to weather conditions was 
implemented for the city of Uppsala. Three different concepts have been established for this 
project, listed as follows: 
 

o The first concept aimed to present a detailed analysis of a single-family house, 
dimensioned according to new construction standards. The house was supplied with 
energy from solar rooftop photovoltaics and solar thermal collectors. Moreover, the 
model included a ground-source heat pump system supplying thermal energy to a heat 
storage tank installed in the house. The generated heat was used for floor heating of the 
house. Finally, a battery energy storage system was included in the system as well as an 
electric vehicle connected to a charging station in order to address multiple sectors in 
the same energy system (e.g. electricity, heat, and e-transport). 

 
o The second concept was designed to present the level of self-sufficiency for a terraced 

house using the similar approach as in the first concept but with a reduced level of detail. 
 

o The third concept aimed to provide a simplified district heating network supplied by a 
solar photovoltaic plant, solar thermal collector plant, cogeneration plant, and a thermal 
power plant to supply thermal energy to a thermal energy storage tank connected to a 
number of residential buildings (e.g. single-family houses, terraced houses, and 
dwellings/apartments) in a predefined system boundary representing a city district. 
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 Literature Study 
 
The literature study was divided into two parts. The first part consisted of a review of 129 
modelling tools based on nine different parameters and can be found in Appendix A. Moreover, 
a more in-depth literature study was conducted where a total of 21 modelling tools have been 
evaluated addressing a wide range of characteristic features within each tool. The approach is 
found in section 3.2.1 and the evaluation can be found in Appendix B. In addition, the literature 
study contains a description of the advantages of employing a modelling tool or simulation tool 
for this type of study. 
 
The second part consisted of a research analysing the constituent components, conversion 
technologies, and solutions used to design the future sustainable energy systems. The aim was 
to describe the interaction of electricity, heat and transport for operation and planning by 
integrating renewable energy sources, energy storage and electromobility. This is presented in 
section 4. The approach is described in section 3.2.2. 
 

2.1 Current Energy Situation in Uppsala 
 
The share of renewables in the fuel mix of the district heating sector in Uppsala in 2015 
accounted for 69 percent where peat is considered as a fossil fuel. However, peat is being phased 
out. Waste in this context is considered as 60 percent renewable with regard to energy and the 
non-renewable share are counted as plastics. Apart from the fossil fraction in plastics, Uppsala’s 
district heating network is almost 100 % renewable. The fossil fuel used in peak load is being 
replaced by bio-oil. There is a significant difference in heat load demand in Uppsala during 
winter and summer time and therefore the production is adapted to these variations. The bar 
chart presented in Figure 2 describes the heat generation from different plants for a typical year. 
During the coldest hours of the year the peak load can be as high as 650 MW. Uppsala is 
supplied by the energy from waste (EfW) plant during all months of the year, and the CHP plant 
supplies heat during the winter season from October to April [13]. 
 

 
 

Figure 2. Heat generation at Vattenfall in Uppsala throughout the year [13]. 
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2.2 The Need for a Modelling Tool or Simulation Tool 

System simulation is highly valuable in the engineering industry as it can help create and solve 
complicated systems, including dynamic computation with limited knowledge in programming. 
One of the most important benefits with using a simulation software is that complex analyses 
for multiphysics systems can be performed by only using a computer. This allows for flexibility 
in the performance and different scales can be considered, ranging from small to significantly 
large systems. The parameters required to be defined are highly controllable and a virtual model 
can be obtained from the entered data in the simulation tool [14]. 

The accuracy of the result in a simulation is highly dependent on the number of input parameters 
entered in the simulation process for each component. Therefore, it is essential to thoroughly 
review the possible input parameters available to be entered. This way, the simulation will be 
more accurate and an optimised design can be obtained with higher reliability. Another way of 
proceeding is to simulate patterns by defining and evaluating the requirements that need to be 
fulfilled by each specific component. This process will allow the user to dimension certain 
arrangements and obtain useful data that can be transferred back as parameters to the simulation 
model. System simulation can assist in improving the energy efficiency of the model, provide 
guidelines for future projects, increase safety, and support future investments [14]. 

In efficient energy systems, all components that contribute to the complete model are optimally 
adapted to the defined requirements and work in interaction. The energy consumption is 
reduced when overdesign is prevented. In this case, overdesign refers to features in the final 
product that are redundant in relation to what the market demands and often results in 
unnecessary additional costs and unsustainable actions. Moreover, as a result of reduced energy 
consumption, useful resources can be preserved. Models and simulations can efficiently 
compare different potential configurations, giving the possibility to identify the most 
appropriate solution. Moreover, using a modelling tool could be more economically profitable 
if extensive tests are needed to be performed in real life to conduct the same type of experiment 
as in the simulation process [14].  
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 Research Methodology  
 
The research methodology aimed to describe the specific methods and techniques applied to 
analyse, select, identify, and process information about the study. Moreover, it allows the reader 
to evaluate the reliability and validity of the complete study. 
 

3.1 Methodology for the Problem Statement 
 
This project included a comprehensive literature study to review multiple modelling tools in 
the energy sector as well as necessary knowledge needed to properly design future, sustainable 
energy systems. The methodology was based on the problem statement provided in section 1.4. 
 

3.2 Methodological Approach 
 
This section provides an overview of the research process, which was subsequently broken 
down into a step-by-step description for both the first phase and the second phase of the project. 
The descriptions provide methods, techniques, procedures and models used to perform this 
study from the selection of a modelling tool to final results provided by the selected tool. The 
step-by-step descriptions follow a logical sequence, providing details to the numerous methods 
used to finalise this work. The layout of the methodology for both phases is described in Figure 
3. 

 
Figure 3. Description of the methodology for each phase. 

 
 



 

 11 

3.2.1 Methodology used to Approach the First Objective 
 
The following steps have been established to create a framework for the selection of the most 
suitable modelling tool for this work: 

1. Identify the purpose and objectives in the beginning stage, explaining what needs to be 
achieved by the project. Usually, there is a project description available to start from 
where different requirements are included, answering fundamental questions related to 
fulfilling the objectives with the study, the requirements that need to be covered and 
issues to keep in mind when searching for the most suitable modelling tool, e.g.:  

o Are there any restrictions or criteria to consider already in the initial stage of the 
selection? 

o What is the level of detail expected in the design process, in terms of flow 
calculations and constituent components? 

o What sectors need to be included in the energy system? 
o Which type of results are expected to be generated from the modelling tool 

(contemporary or future)? 
o What perspectives need to be considered (technological, economic, environmental, 

etcetera)? 
o What are the necessary features with the modelling tool for the specific project, i.e. 

the fundamental requirements that need to be included? 
o What is the purpose with the project after its completion? What flexibility is needed 

in the model for further implementation in other contexts within the energy sector? 
  

2. Identify how to present and visualise the evaluation to provide a comprehensive, but 
also informative insight into the various modelling tools. The idea was to make it 
convenient for the target group to get a clear overview of the benefits and drawbacks of 
a certain modelling tool. It is easier to get an idea of how the evaluation can be presented 
if the delimitations with the project are set and the questions in step one have been 
answered. 
 

3. Find different parameters that might be interesting in the evaluation process. Use the 
first step to find guidelines for which aspects that might be useful to cover. The 
parameters used in this project are described in the Methodology in section 1.6. 
 

4. Identify features concerning planning strategy and coordination of the modelling 
software that are necessary, i.e.: 
 
o licensing 
o costs 
o time restrictions (if temporary license is issued) 
o free trial period available 
o proficiency level or prerequisites 
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5. Perform a literature study on other projects related to energy system design and planning 
that have been using modelling tools or simulation tools. In this step, a relatively 
unstructured approach is used. As a starting point, keywords can be used in the process 
of finding relevant information on websites, such as directory services, reports, studies, 
reviews, tutorials, and forums. 
 

6. Subsequently, when the table is completed, the number of potential modelling tools can 
be narrowed down to a smaller list of alternatives. In this project, the potential 
alternatives were reduced from 129 to 21 modelling tools for further review, meaning 
that the number of tools was reduced to approximately 16 %. 
 

7. The modelling tools that have been selected for further review are evaluated in text form 
to give the reader more in-depth knowledge about the possible alternatives. In this part 
of the evaluation, the key aspects and the flexibility with the modelling tool should be 
emphasised, e.g.: 
 

o main applications 
o characteristic features (i.e. structure, system design, drag-and-drop functions, 

process optimisation, technologies, economic calculations, etcetera) 
o advantages and drawbacks with the model 
o main purposes with the software  
o figures presenting the layout 
o additional functionalities (add-on modules) 
o inputs and outputs available 
o modelling process  
o licensing options 
o possible results to be obtained 

 
8. This is the most critical step since it required consideration of all aspects that have been 

covered in steps 1-7. The list of alternatives should be narrowed down to only a few, 
but preferably only one single modelling tool if possible. It there is time available, a few 
modelling tools can be downloaded for further evaluation to investigate user-
friendliness and the process time to generate simple results. The idea with trying out the 
software is to gain knowledge about characteristics that might be difficult to detect by 
only conducting a literature study. 
 

9. Evaluate if the selected modelling tool suits the requirements defined throughout the 
described process. An important aspect to consider when evaluating a modelling tool is 
how fast a first draft of the model can be created. If no single software is sufficient 
enough to cover all conditions defined, a combination of two modelling tools can be 
used. An example could be to use one modelling tool with a high level of detail, together 
with another software that can cover multiple sectors with a more holistic approach. 
Results generated from the more detailed software can be used to calculate necessary 
outputs with the use of another modelling tool to cover all aspects required. 
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The different modelling tools that have been reviewed are presented in Appendix A. A total of 
129 modelling tools was evaluated, based on nine different parameters, listed as follows:  
 

 Prerequisites 
 Scale 
 Application 
 Presentation 
 Usability 
 Availability 
 System Level 
 Temporal Resolution 
 Additional Information 

 
The different parameters were decided upon after discussions together with the supervisor to 
give a clear overview of the characteristic features of each modelling tool. Moreover, a review 
of the initial project description was conducted to consider the requirements set by Vattenfall 
AB for this project. The concept is based on providing information that makes it convenient for 
the reader to narrow down the number of potential alternatives for their specific purpose, e.g. 
if the temporal resolution is desired to be on an hourly basis or if the modelling tool needs to 
consider multiple sectors. The different parameters are explained as follows: 
 

o Prerequisites refers to if any previous knowledge is needed for using the tool (e.g. 
experience in Geographical Information Systems (GIS), building geometry, heating, 
ventilation, and air conditioning (HVAC) engineering, etcetera) or how long it is 
assumed for the user to learn how to use the modelling tool (e.g. hours, days, weeks or 
months). 
 

o Scale describes the geographical level that the model can take into account (e.g. local, 
regional, national or global). 
 

o Application describes the typical features that characterise the modelling tool (e.g. 
building-level analysis, energy systems, renewable energy technologies, energy storage, 
investment costs, emissions, etcetera). 
 

o Presentation refers to how results or model designs are delivered (e.g. graphs, tables, 
charts, visual models, reports, etcetera).  
 

o Usability defines the different sectors that the model can take into account (e.g. 
electricity, heat, transport, industry, building, etcetera). 
 

o Availability describes if the model is available as an open source or commercial source 
and what license options are available.  
 

o System Level refers to the set-up of the system functionality of the software (e.g. system-
level simulation, partial equilibrium or scenario-based model). 
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o Temporal Resolution defines the time-steps available in the modelling tool and for how 
long the simulations can be performed (e.g. hourly time-steps and maximum 50 years 
of simulation). 
 

o Additional Information describes relevant facts about the modelling tool that might be 
useful and relevant to be familiar with as a potential user (e.g. possible interfaces, key 
characteristics, etcetera). 

 
The search for finding relevant modelling tools in the review process had an exploratory and 
unstructured approach, meaning that different strategies were applied when searching for 
potential alternatives that could be relevant for the study. The different strategies are listed as 
follows: 
 

o reading previous scientific papers reviewing different modelling tools 
o searching for keywords within the research area (e.g. modelling tools, energy 

modelling, energy systems modelling, simulation models, energy simulations, etcetera) 
o visiting video-sharing websites (e.g. YouTube) to evaluate the graphical user interface 

and how results are presented in different modelling tools 
o searching for suggestions on internet-based libraries, websites, and forums  

 
Based on an evaluation of the nine parameters specified above, the number of potential 
alternatives could be reduced to a total of 21 tools for further review. The review of these tools 
is presented in Appendix B, listed as follows: 
 

o LEAP 
o HOMER 
o OSeMOSYS 
o SimulationX 
o BALMOREL 
o COMPOSE 
o WEM 
o urbs 
o TEMOA 
o REopt 
o oemof 
o MARKAL/TIMES 
o EnergyPLAN 
o energyPRO 
o STREAM 
o SAM 
o CitySim 
o EnergyPlus 
o TRNSYS 
o DER-CAM 
o Plan4DE 
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All of the nine parameters listed above were relevant in the selection of the most suitable 
modelling tool. The selection process when narrowing down the number of relevant alternatives 
is presented in the form of key questions specified below: 

o Who is the tool addressed for? 
 

o What is the academic background of the project participant? 
 

o How much time is planned for learning the tool (from non-user to confident user)? Is 
the time-frame reasonable for this project? 
 

o How much time is planned for the modelling process? 
 

o What is the level of detail required in the analysis (e.g. building level analysis, 
implementation of data, input parameters for specific technologies or components in the 
energy system? 
 

o What features can be covered by the modelling tool, based on the defined architecture 
of the energy system (see section 3.2.2)? 
 

o In what ways should the key findings of the project be presented visually? 
 

o What is the requested time-step needed for implementation of data and evaluation of 
results? 
 

3.2.2 Methodology used to Approach the Second Objective 

The step-by-step description provided below described the methodology used to approach the 
second objective of this study: 

1. Literature Study – Energy System Models 

One of the fundamental tasks when conducting a research study is to review existing literature 
within the research area. This was performed in order to create a body of knowledge relevant 
for the design phase of the energy system, find support for possible ideas and integrate findings 
with existing literature. The literature study provided information about the theoretical 
background needed for this study and establish connections between the proposed study and 
research previously conducted within the area. The literature study conducted to approach the 
second objective of this study was initialised based on the architecture of the energy system. 
For this project, the initial approach was to find a modelling tool that would be able to cover 
the requested features presented in Figure 5. This layout presents the entire energy system on 
an urban district-level from natural resources to energy end-use services. In addition, the energy 
efficiency of the complete system needed to be considered and is dependent on transmission 
losses appearing between energy supply and consumption. In heating grids the main heat losses 
occur in pipe insulation and temperature drops in pumping power and heat exchangers. In 
electrical grids, the energy efficiency is affected by transformation losses and the amount of 
voltage loss occurring in a circuit because of impedance [15]. Moreover, the literature study is 
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found in section 4 and provides relevant details for each of the eight categories presented in 
Figure 4. 

 
Figure 4. Necessary features in the future urban energy systems. 

 
2. Characteristics Identification of Components within the Modelling System 

 
The working principle behind the modelling tool was valuable to study thoroughly in 
order to gain knowledge for further studies. This consisted of studying the library and 
the constituent components as well as the links between these for the design of the entire 
energy system. The different sub libraries available in the Green City library are 
presented in Figure 5.  
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Figure 5. The Green City library in SimulationX. 

3. Simple Simulation Models 
 
Different setups were established in order to properly evaluate the behaviour of the 
system by coupling individual sectors – e.g. power, heating, storage, and e-mobility. 
Moreover, simulation runs were performed using predefined weather data conditions 
for different cities in the world (e.g. Abu Dhabi, Auckland, Beijing, Paris, New York, 
etcetera) to study the effect on the system when varying these environmental influences 
for different reference days, e.g. winter days and summer days. 
 

4. Evaluation of Available Sample Models 
 
Multiple predefined configurations were available in the simulation tool. These 
elaborated models have been studied to create an understanding of how different 
parameters could be most appropriately defined and at the same time avoid future errors 
in the design phase. 
 
The different sample models that have been evaluated are: 
 

o Combined heat and power plant integrated with a thermal energy storage tank, 
distributing heat and electricity to a set of households with predefined demands 
for heating, electricity and hot water consumption. 

o Multi-zone building integrated with energy conversion technologies, e.g. heat 
pumps, photovoltaics, and small-scale wind turbines. The energy system also 
includes energy storage solutions, both thermal and battery energy storage. 
Moreover, an electric vehicle is integrated together with a charging station. 

o Office building with a heat pump unit integrated with different types of storage 
solutions, e.g. heat, cold, and ice storage. 

o Charging station for electric vehicles with energy supplied from photovoltaics 
and balanced with a battery energy storage. 
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5. Modelling Exercises 

 
Exercises are conducted in different scales to gain knowledge within each area of 
interest. Emphasis was put on creating district heating models, load calculations, and 
integration of multiple conversion technologies to create a better understanding of the 
system. 
   

6. Build-up of the Modelling Task 
 
The previous steps have now provided the user with relevant knowledge regarding the 
configuration, behaviour and performances of the modelling tool. The next step was to 
apply this knowledge to the study conducted in this project. The scope was defined by 
a geographical area representing an urban district on a smaller scale. The temporal 
resolution was based on input data and output results analysed on an hourly basis for 
one year. This part aimed to identify how modelling can contribute to meeting the 
purpose and objectives and its relevance to this project. The objectives were met by 
developing three different concepts as presented in section 5. 
 
The first concept aimed to identify the climatic influences on the energy demand of a 
building design representing a new construction of a single-family house by assessing 
the potential of integrating renewable energy sources, an electric vehicle, a heat pump, 
a heating system and energy storage solutions with a battery and a heat storage tank. 
 
The second concept aimed to identify the degree of self-sufficiency of a terraced house 
for a simulation running over a winter day, summer day, and for one year. The energy 
system design was the same for this concept as for the aforementioned in terms of 
constituent components. The only difference was that a plug-in hybrid electric vehicle 
was included instead, and the level of detail in the definitions of parameters of the 
building zone was reduced.  
 
The third concept aimed to identify the synergistic effects of multiple buildings 
connected to a district heating grid, supplied with heat and power from a CHP plant 
balanced with a peak-power boiler and a solar park consisting of photovoltaics and solar 
thermal collectors. Subsequently, this concept was compared with an energy system 
solution that assumed all building types having an individual heat pump installed.  
 

7. Compilation of Input Parameters 
 
Subsequently, when the concepts have been developed, a compilation of all input 
parameters was established for each concept. Parameters and necessary text files were 
predefined for each component in the library. These have been reviewed and validated. 
New data was implemented where required to properly fit the desired dimensions. 
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8. Data Collection 

 
The following sources was primarily used for data collection: 
 

o SMHI (Swedish Meteorological Institute) 
o Energimyndigheten (Swedish Energy Agency) 
o Boverket (Building and Planning) 
o Sustainable Energy Utilization by Hans Havtun, et al., 2017 

 
9. Model Validation & Calibration 

 
Multiple simulation runs were conducted with implemented data for each concept. The 
simulation runs had varying simulation time ranging from single days to a complete 
year. The reference days have been selected to present the seasonal variations in the 
energy system performance by studying the operational design of different concepts 
between summer and winter days. The results were evaluated and calibrations were 
made accordingly. The design of the different concepts consisted of an iterative process 
that involved checking and refining input data by smaller parameter adjustments made 
between the simulation runs. In the first concept, the methodology used had a relatively 
straightforward approach in the design phase. The concept was highly detailed with the 
number of input parameters available to define for each constituent component and 
mainly for the building zone. Subsequently, the methodology used to develop the 
second concept followed a similar approach as in the first concept. The main difference 
was the level of detail required to design the terraced house compared to the single-
family house. This was an intentional choice to be able to evaluate whether it was 
necessary to make such a detailed analysis of the building zone in order to obtain desired 
results at an acceptable level of detail. Initially, the idea with the first two concepts was 
to develop energy system models for individual buildings that subsequently could be 
expanded to a larger area by an up-scaling process to represent an urban district and still 
keep the same level of detail in the performance. However, this was not possible due to 
the difficulty of managing a high number of components in the model for such a large 
area within the same simulation run. Therefore, the complexity was reduced by using 
aggregated user profiles of energy consumption (space heating, domestic water, and 
electricity) for a district heating solution including different building types as presented 
in section 4.7.1. 
 

3.3 Short Description of the Chosen Modelling Tool – SimulationX 
 
SimulationX has a wide range of features available, where users can design and simulate energy 
systems, energy storages, HVAC systems and belt conveyor systems for example. It is easy to 
learn and use, which makes it very time-saving and efficient, suitable for both small and large 
simulations. This modelling tool has the ability to simulate intelligent energy systems for both 
individual buildings and urban districts in time-steps down to seconds. The system simulation 
allows the user to plan and optimise complex systems for smart homes and entire districts. 
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Moreover, reliable and efficient planning can be performed using different types of renewable 
energy technologies, energy storage, energy sources, as well as distribution and consumers [16]. 
 
It is of great importance to understand how heat and power generation, combined with storage 
and distribution all together create a connected system. For instance, in a combined heat and 
power plant, it is possible for heat to be provided by using rejected heat. Furthermore, heat 
pumps and electric heaters can be used where the power from a CHP plant is converted to heat. 
By combining both heat and power in the planning phase, energy losses can be minimised, and 
a potential financial benefit can be achieved as a result of the merger. For the most part, it is 
efficient to store power that exceeds the prescribed or desirable amount of heat demanded. 
SimulationX provides an overview of complicated energy systems by combining different 
sectors in the same model. The tool creates an understanding of the effect of each element that 
constitutes the system. Moreover, valuable information is acquired when it comes to selecting 
the most suitable technology [16].  
 
For the entire energy system, electric vehicles are highly important as they consume and store 
energy, and where they can work as a source as well. Additionally, analyses of the effects of 
recuperation in the power grid are also needed, where electric vehicles can be utilised for mobile 
energy storage. The required charging time can be regulated in relation to the accessible power. 
In addition, stand-alone charging stations based on their energy supply generated by themselves 
can also effectively and simply be simulated by the same modelling tool [16]. 
 
According to the supplier, development, testing and optimisation of individual Building Energy 
Management Systems (BEMS) can be performed including numerous climatic scenarios or 
seasons according to the requirements set by the user. The output obtained will contain 
information regarding the efficiency of the energy supply system for any of the requirements 
defined by the user. It is useful to understand which conditions are defined by the enclosing 
system to be able to choose the most suitable technology for proper dimensioning. For example, 
it can include the selection of the optimum storage capacity, where storage system, the length 
of action, required charge and discharge powers, and how many cycles are needed, all are 
parameters that need to be considered [16]. 
 
Moreover, energy supply and storage systems for smart control of the demand in either self-
sufficient or semi-self-sufficient systems are possible to be designed smaller in the 
dimensioning process, enabling a more cost-efficient planning. With the support of a simulation 
model, the equipment can quickly establish a beneficial strategy from an economic aspect for 
demand-side management. Power can be produced locally or provided by the grid. In the 
simulation process, power supply grids can be designed with user-defined requirements, where 
the grid stability can be examined with accuracy [16].  
 
SimulationX is a commercial source and supports only the Windows operating system. A 
license needs to be requested in order to get a free trial version for 30 days. Pricing is determined 
depending on the application field [17]. 
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The Green City [18] Simulation Library contains the solutions in SimulationX that plan, 
develop, and analyse city or building energy systems. The layout of SimulationX and the Green 
City library is presented in Figure 6. The integration of Green City with SimulationX offers the 
user to [18]: 
 

o secure energy supplies 
o simulate renewable energy penetration 
o integrate energy storage technologies 
o review user behaviour and user profiles 
o utilise subsidies 
o take into account building regulations 
o simulate the requested energy system using components available in the Green City 

library 
o import appropriate measurement data for the energy demand and energy behaviour 
o analyse and verify model parameters with statistics 
o calculate the total energy demand and the increase in renewable energy, using multiple 

system configurations 
o enable interface with Modelica® 

 
Figure 6. Layout of SimulationX and the Green City library [18]. 

 
3.4 The Application of the Green City Library 

 
The Green City library is a collection of components in SimulationX designed for modelling of 
districts and city quarters by integrating heating, cooling and electric power supply. Moreover, 
the system design is highly comprehensive as it enables integration of multiple conversion 
technologies, energy storage systems and eMobility. The supply of power, heating and cooling 
on a building system level is provided by wind and solar energy as well as any type of fuel. In 
power grids and district heating networks designed on a larger scale the energy can be provided 
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by cogeneration plants. PV modules installed on building rooftops can be integrated as well as 
large-scale installations of PV power plants. Wind parks can be modelled on a system level 
with input data defining the particular windmill number and the hub height of the wind turbine. 
In addition, interfaces such as single or three phase grid connection in buildings as well as low, 
medium or high voltage grids can be included in the system design. Furthermore, energy storage 
reservoirs storing hot water are available for simulation runs on both small and large scale 
systems. Battery energy storage systems are also included in the library and provide the 
possibility to be efficiently integrated in the model if the aim is to study the overall system 
behaviour and the interaction between multiple sectors. Simplifications can be made in the 
internal structure as the battery storage installations generally vary in number and type of 
battery cells. Moreover, the energy efficiency of the entire system is affected by the 
transmission losses occurring between supply and consumption. In thermal grids, the heat 
losses primarily occur depending on the pipe insulation, pumping power, and temperature 
reductions in heat exchangers. For electrical grids, losses occur due to transformation and 
voltage drops in cables. Furthermore, the library includes AC and DC voltage connectors with 
multiple voltage levels and can be connected with transformers and converters if required. The 
converters are designed to consider transfer losses if requested, but can be assumed to be ideal 
as well. One of the key characteristics with the Green City library is the functionality of 
modelling simplified building designs to define the heating, cooling and power consumption 
for both separate buildings and multiple buildings within the same component [19]. 
 

3.5 Research Design 
 
The main purpose of defining the research design was to describe how to answer the research 
questions. The research approach was exploratory to reduce the risk of potentially rejecting 
suitable modelling tools for this work. This review had a strong focus on extracting key aspects 
of each tool in order for the project participant and future users to efficiently and conveniently 
reduce the number of potential alternatives for further review. However, it was essential to have 
a clear view of the specific features that were needed within the modelling tool to avoid making 
the wrong choice. 
 
Furthermore, the second research question was established in order to identify the framework 
of the second phase of the project. This meant providing a comprehensive literature review 
consisting of information about different types of renewable energy technologies, energy 
storage solutions, and service technologies that could be implemented both on a building level 
and on an urban district-level. The literature review provided in section 4 was essential in order 
to make well-motivated findings, observations and conclusions. With support from this 
literature review, the third research question could be answered by applying the gained body of 
knowledge into practice. This was conducted by the use of a modelling tool where multiple 
concepts were developed to assess different types of energy system designs. The different 
models are provided in section 5.5. This consisted of a methodology to approach the second 
objective of this study, i.e. the build-up of the system models. This process is defined in section 
3.2.2. 
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The main components used for each concept are presented below: 

o Concept 1: 
 

- Building zones (single-family house) 
- Heating system 
- Rooftop photovoltaics 
- Rooftop solar collector 
- Heat pump 
- Thermal energy storage 
- Battery energy storage 
- Heating system 
- Electric vehicle including a charging station 

 
o Concept 2: 

 
- Building (terraced house) 
- Heating system 
- Rooftop photovoltaics 
- Rooftop solar collector 
- Heat pump 
- Thermal energy storage 
- Battery energy storage 
- Heating system 
- Electric vehicle including a charging station 

 
o Concept 3: 

 
- Single-Family Houses 
- Terraced Houses 
- Dwellings/Apartments 
- Solar park (photovoltaics, solar collectors)  
- Cogeneration plant 
- Thermal power plant 
- Thermal energy storage 
- Vehicle fleet 

 
3.6 Justification of Research Methods 

 
The main idea with the chosen architecture of the energy system was both to cover a high level 
of detail in the design phase but also to consider the holistic approach by accounting for all of 
the three aspects – technological, economic and environmental. However, the SimulationX tool 
is currently not able to estimate emissions and calculate investment costs. Therefore, the work 
was more focused on the technological approach in designing an energy system. Other tools 
could have been considered that cover all of the three aspects aforementioned (e.g. EnergyPlan), 
but the level of detail would then be highly reduced because of the holistic approach employed 
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by the model and no detailed analysis would therefore be possible to conduct on a building 
level. 
 
The modelling tool was mainly chosen because of the high level of detail that could be achieved 
in the modelling process and the wide range of components available to design an energy 
system, both on a building-level and on an urban district-level. Furthermore, in the architecture 
of the energy system provided in section 3.2.2, almost all features required (except for 
estimation of CO2 emissions and calculation of investment costs) could be covered by this tool. 
Moreover, another key aspect was the temporal resolution required to be specified on an hourly 
basis which was provided by the selected tool. In addition, an essential part of this project was 
to investigate the integration and interaction between electricity, heat and transport and this 
could be covered by the SimulationX software. 
 
Furthermore, the reason for designing an energy system on a building-level was to create a 
better understanding of the constituent components in the simulation tool but also within an 
energy system in real-life applications. Moreover, the high level of detail that could be achieved 
on a building-level provided necessary insights to the user on sensitive parameters that could 
affect the final results. Therefore, the first concept worked as a starting point to expand the 
energy system to an urban district-level.  
 
The work also included finding a tool that was able to provide a first draft of the simulated 
model quickly, which was why the predefined parameters of each component and the user 
profiles available in the software made it more convenient for the user to obtain fast results. 
Moreover, each component available in the Green City library contained a description that 
described how it could be employed in the modelling procedure as well as what parameters that 
needed to be taken into consideration. Additionally, all relevant parameters of each component 
were described in text form providing the user with useful insights on how to ideally design 
e.g. a building zone.  
 
Validation and verification is an important aspect to consider in order to confirm if the results 
are reliable. Model verification includes identifying and removing errors in the simulation 
models. This could be conducted by assessing the results from the simulations in comparison 
to real-life applications, ensuring that the model was sufficiently detailed and that the results 
were reliable in terms of operational and experimental outcomes [20]. Mainly, the sizing, 
maximum power and capacity of different components have been considered while other data 
was kept as provided by default.  
 

3.7 Connecting the Methods to the Research Questions 
 
As presented in section 1.2, the main focus of this project was to analyse results on a system-
level and to capture the integration and interaction of multiple sectors in the design of the 
different concepts. However, in order to conduct this kind of analysis, each component that 
constitutes an energy system needed to be considered that illustrated the effect of different 
building blocks on the entire system. Moreover, the idea was to describe the complexity of an 
energy system in the design phase where the results required to systematically answer the 
research questions included a number of aspects to consider, e.g.: 
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o analysis of results on an hourly basis 
o account for climate conditions (ambient temperature, solar radiation, wind speed, and 

wind direction) 
o include all relevant building blocks that constitute an energy system 
o how different energy flows are affected by each other (e.g. longer operating time of a 

heat pump increases the supplied heating power but also the electricity demand) 
 
Therefore, the aforementioned aspects present the relevant characteristics that were needed to 
be covered by the selected modelling tool to sufficiently answer the first research question 
provided in section 1.2. 
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 The Sustainable Energy Systems 
 
This chapter aims to provide information about the architecture of future sustainable energy 
systems from resources provided by nature to service technologies delivered by the system to 
energy end-use consumers. 
 

4.1 Natural Resources 
 
Natural resources are fundamental for all processes of the value chain in an energy system in 
order to provide energy end-use services [21]. Examples of traditional sources are coal or oil 
that are fossil fuels used for conventional generation but the sustainability perspective however 
restricts the energy sources to biomass, sunlight, water and wind. Common for all of these 
sources is that they are all provided by nature but to varying degrees [12]. These different 
sources consist of stored energy and can be exploited when becoming energy carriers through 
conversion, e.g. electricity and heat.  
 
Biomass is an example of a renewable energy source that potentially could have a leading part 
in the reduction of harmful CO2 emissions in production processes instead of utilising fossil 
fuels for generating both electricity and thermal energy. Combustion of biomass emits carbon 
dioxide into the atmosphere, but is compensated when growing and binding carbon dioxide as 
a part of the photosynthesis process. Therefore, biomass becomes carbon neutral during its life 
cycle if treated properly [21]. Biomass pellets is an important fuel as it can replace fossil fuels 
in the electricity and heating production of energy. In contrast to solar and wind energy the 
biomass based processes have the possibility to delivery energy when it is demanded [22]. 
 
4.1.1 Weather Data File 
 
Energy systems in urban districts interact with the ambient climatic conditions to varying 
degrees. Moreover, in combination with an accelerating growth of urban populations, research 
has been promoted on studying the impact of urban districts on local weather changes. The 
accuracy of urban-scale energy modelling is highly dependent on contextual environmental and 
meteorological data [23]. 
 
The meteorological data in the simulation model consisted of imports of data for various 
climatic conditions, e.g.: 
 

o ambient temperature 
o solar radiation (direct horizontal radiation and diffuse radiation) 
o wind speed 
o wind direction 
o longitude and latitude of location 

 
The ambient temperature has been imported from SMHI for every hour of the year. The selected 
location was Uppsala and the chosen year was 2017 because of the deviating hot summer 
experienced in 2018. The coldest day was observed on the 6th of January, with the lowest 
temperature found to be -24.1 °C at 01:00. Moreover, the warmest day was observed on the 27th 
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of May, with the highest temperature found to be 26.3 °C at 13:00. The ambient temperature is 
presented on an hourly basis in Figure 7. 
 

 
Figure 7. Ambient temperature in Uppsala, year 2017 [24]. 

The number of sun hours in Uppsala was 1895 in 2017 and 22 % higher in 2018. The number 
of sun hours is defined as the time when the direct irradiance exceeds 120 W/m2. The selected 
reference year for this study was 2017 also due to the significant deviation in sun hours in 2018 
compared to previous years [25]. The solar radiation has been retrieved from SMHI for the 
same location with data for every hour of the year and is presented in Table 1. 
 

Table 1. Sun hours in Uppsala between the years 2014 and 2018 [28]. 

Year Sun Hours 
2014 1782 
2015 1920 
2016 1990 
2017 1895 
2018 2313 

 
The solar radiation represents the Global Horizontal Irradiation (GHI). However, “solar 
radiation” was not further used inside the model. Thus, the GHI input data needed to be 
converted to direct and diffuse solar radiation. The diffuse radiation model of Orgill and 
Hollands [26] was used in the model, which was originally based on hourly, measured values 
of global and diffuse irradiance from Toronto. Orgill and Hollands estimated the diffuse 
fraction on a horizontal surface kd by the use of the clearness factor kt being the only variable. 
The relationship between kd and kt is represented by the equations 1-4 provided as follows: 

 
 

!" < 0.35 → !) = 1 − 0.249!",  (1) 
 

0.35 ≪ !" ≪ 0.75 → 	!) = 1.577 − 1.84!", (2) 
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!" > 0.75 → !" = 0.177.   (3) 

 

Finally, the direct irradiance Ib was calculated using the following equation: 

56 = 5"(1 − !))sinα.   (4) 

 

The solar direct radiation for the Uppsala area in 2017 is presented in Figure 8 below. 

 
Figure 8. Solar direct radiation in Uppsala, year 2017 [27]. 
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The solar diffuse radiation is illustrated in Figure 9 below. 

 
Figure 9. Solar diffuse radiation in Uppsala, year 2017. 

Moreover, the wind speed and wind direction have been imported from SMHI with data for 
each hour of the year. The wind speed is presented in Figure 10. 

 
Figure 10. Wind speed in Uppsala, year 2017 [28]. 

Finally, the longitude and latitude of the location are 17°51’12.3”E (17.853423°) and 
59°51’12.4”N (59.853445°) respectively, and represented the coordinates for the Uppsala area. 
 
4.1.2 Time-steps 
 
The temporal resolution was set for one year equivalent to 8760 hours with time-steps defined 
on an hourly basis. The reason for implementing data and evaluating results on an hourly basis 
was mainly in order to identify critical points and find correlations where significant deviations 
are observed. Intermittent energy sources and energy demand management has gained 
significant importance in the current energy systems which was why an hourly temporal 
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resolution was required in the different models. Different time bases can be defined to evaluate 
results for an entire year, specific dates or certain hours within a specific day in time-steps down 
to seconds.  
 

4.2 Extraction & Treatment 
 
In the following subsection, the extraction and treatment processes available on an urban 
district-level are presented. 
 
4.2.1 Local Power Supply – Cogeneration Plants 
 
A cogeneration plant is characterised by processes that produce both electricity and heat. The 
heat is typically generated as hot water or steam. The operation of a cogeneration plant is more 
economically feasible from a lifecycle aspect and secure with an energy basis over 80 percent, 
resulting in higher efficiencies compared to separate processes for generating electricity only. 
The fundamental process in a cogeneration plant using biomass as a fuel is described in Figure 
11. 
 
Systems using cogeneration processes are usually coupled with district energy systems which 
enables the possibility to distribute thermal energy to end-users. Moreover, there are generally 
multiple suppliers of thermal energy connected to the district energy system, increasing the 
reliability of the entire energy system by constant operation independent of possible 
breakdowns or maintenance in individual plants [29]. 
 
There are mainly three different types of heat demands that can be covered by cogeneration 
processes [29]: 
 

o Heating processes for commercial, residential and institutional sectors in need of large 
amount of thermal energy for heating of water and air at a comparably low temperature 
level. This type of heat demand can be met by the implementation of district heating. 
 

o Heating processes for industrial purposes in need of varying temperature levels with 
large variations. This type of heat demand is typical in manufacturing and chemical 
processes.  
 

o Cooling processes for commercial, residential and institutional sectors using heat from 
plants to offer heat services and drive chillers. 
 

The cogeneration plant is dimensioned to sufficiently meet the demands in both electricity and 
thermal energy (e.g. covering the base load or the loads of thermal or electrical energy). In some 
occasions, these types of systems could serve as suppliers of thermal or electrical energy to 
solely cover the peak load demands. 
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Figure 11. An overview of the design of a cogeneration plant using biomass as a fuel to drive the process to generate 
electricity and thermal energy [21]. 

One important problem related to the implementation of cogeneration systems is the imbalance 
between required thermal and electrical energy in comparison to the amount of heat and 
electricity supplied from the system. In addition, a CHP system is preferably operated at full 
load to reach maximum efficiency, but the energy demand for electricity and heat is generally 
fluctuating over time. Therefore, it becomes highly useful to include thermal energy storage in 
an integrated energy system as a part of the solution. Moreover, the system enables the 
possibility to store thermal energy when the demand is low and deliver heat when the building 
demand increases. With this solution, the CHP system can run more cost-effectively and for a 
longer time [30, p. 493]. 
 
In a city energy supply application, the CHP plant needs to be sized to cover the thermal base 
load. The cost advantages obtained due to the scale of operation for larger installations in the 
industrial sector makes it more feasible compared to smaller applications for individual 
buildings. Basically, one solution is already common practice and involves a centralisation of 
the thermal production, e.g. for an urban district consisting of multiple types of buildings (multi-
family houses, terraced houses, and dwellings/apartments) [7, p. 493]. 
 
The energy consumption is not optimally adapted at all times to the industry sector where 
multiple processes provide heat that is not entirely utilised and results in waste heat, e.g. hot 
water, hot gas, and vapour. The thermal energy is partly wasted from these processes in either 
smaller components within the system or in the final processes of the system. Therefore, it 
becomes highly valuable to find strategies to recover this waste heat in order to increase the 
amount of exploited energy from these processes. The definition provided in the report Waste 
Heat Recovery: Technology and Opportunities in US Industry, [31], states that: “Industrial 
waste heat refers to energy that is generated in industrial processes without being put to practical 
use.”. On an urban district-level, some of the main waste heat sources are found in thermal 
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energy supply from solar collectors and commercial buildings, e.g. department stores and 
shops. 
 

4.3 Conversion Technologies 
 
Energy conversion technologies are characterised by a process that is able to convert energy 
from one form to another. Moreover, useful energy can be generated and converted into heat 
and electricity in many approaches, e.g. nuclear, gravitational, chemical or radiant [32]. The 
focus in this section will be put on radiant energy, also referred to as light. 
 
4.3.1 Solar Photovoltaics 

One of the most important aspects of installing solar panels is to point them in the direction that 
provides the most sunlight.  This strategy is applicable for both photovoltaic and solar thermal 
installations. Panels that are capable of tracking the sun can provide ten percent more energy 
during winter time and up to 40 percent more during the summer. If located in the northern 
hemisphere, the solar panels should be directed towards the south.  

The nominal or maximum electric power of an installed PV system is characterised by its peak 
power. The peak power is provided under the Standard Test Conditions given as follows [33]: 

o light intensity that amounts to 1000 W/m2 
o solar cells with a temperature of 25 °C 
o sunlight striking the solar PV cells placed perpendicularly 
o an AM-value (standard airmass) of 1.5, indicating the relative length of the optical 

pathway in the atmosphere 

The peak power represents an explicit characteristic of the specified PV system, independent 
of the location of the testing [33]. The renewable energy penetration is increased with nearly 
3.58 % per year and is estimated to increase by an average rate of 2.8 % between 2015 to 2040 
each year. Solar energy is expected to be one of the forerunners in the growth of renewable 
energy together with wind energy. By 2040, Sweden has established the goal to offer electricity 
from 100 % renewable energy, where solar energy is expected to supply five to ten percent of 
the total electricity generation. Currently, the contribution amounts to only 0.1 %. In addition, 
the Swedish government has initialised a deduction called “SolROT” to provide financial 
support to expand larger installations of PV on an urban district-level instead of providing 
reductions of investment costs for individuals. This is conducted in order to promote solar plants 
on a small and medium-sized scale. As a part of the political incentives taken by the Swedish 
government, together with expected advancements in the technological performance of PV 
installations, the share of electricity generation from solar energy is expected to be increased. 
This adaptation and modification is expected to provide an equivalent level of compensation 
faster to householders. Additional initiatives consist of actions to reduce tax rates for plants of 
medium size where the energy taxes are accommodated per plant rather than for each legal 
personality, and thus, assessing the spatial planning and development of micro production. In 
practice, most of the available PV modules provide electricity with an efficiency of 14 to 16 % 
[34].   
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The most frequently used material for producing solar PV cells is silicon and is provided in a 
large amount in the world. Moreover, a number of different PV materials and have been tested 
to potentially improve the efficiency and decrease the costs of the solar PV cells. For example, 
thin film solar cells such as Se2 (CIGS), Cu (InGa), Si (a-Si), CdTe, and nano/micro/poly-Si 
have gained significant importance on the market due to their ability to decrease the production 
costs of PV cells. In a test cell environment, the efficiency currently amounts to 25.6 % for 
monocrystalline PV cells and for the wafer-based polycrystalline technology the efficiency is 
20.8 %. For the thin film technology, the highest observed efficiency amount to 21 % for CdTe 
and for CIGS 20.5 % has been received. In the future, photovoltaic solar cells can provide the 
possibility to offer more advanced design solutions such as multiple exciton devices or 
intermediate band and can be considered as energy conversion processes with a high efficiency. 
Nevertheless, there are both theoretical and practical hindrances that are considerable to account 
for in order to be implemented as outstanding solutions from a commercial point of view. 
 
The solar PV cells are linked in parallel or series to design modules and can be described as a 
photovoltaic generator. The load demand and/or available space determine the size of the PV 
installation where multiple modules jointed together create arrays. In theory a PV installation 
can be established easily and conveniently if no practical limits are to be found such as 
expansion constraints or regions exposed to shading. Therefore, PV generation is ideally 
adapted to be installed in remote areas or hilly districts to harness as much solar radiation as 
possible all year round, with low shading losses. However, transformation losses make it 
difficult and not economically feasible to expand such a system to other areas requiring the 
generated electricity.  
 
Furthermore, if considering the PV installation as a solution for individual households multiple 
advantages can be expected. To begin with, it can be treated as a promising employment to 
promote commercialisation of solar PV power to the electrical grid. Moreover, it can serve as 
a solution to attain power to supply buildings in remote areas that are not connected to the utility 
grid. In addition, rooftop photovoltaics do not require any costs for land occupation as ground-
mounted PV systems. Additional costs associated with site deployment, underground electrical 
distribution, foundations and potential structural support systems can be avoided with this type 
of PV installation [35]. 
 
The design and implementation of efficient and effective PV installations is dependent on 
several aspects [35]: 
 

o Location. The availability of direct and diffuse sunlight for each hour of the year will 
influence the electricity output generated. 
 

o Orientation. The positioning of the solar arrays and the orientation of the building are 
essential aspects to consider to obtain maximum generation and production of solar 
energy. A façade facing south is optimal in the northern hemisphere to maximise the 
collection of solar energy and generation of electricity during the entire year.     
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o Tilt angle. The solar incident angle on a specific surface changes with the latitude of 
the location and with declination depending on the time of the day and day of the year. 
Various alternatives are available in the installation of modules or arrays. It is possible 
to place these with a fixed tilt angle to reach the maximum generation of energy on a 
yearly basis. The tilt angle can also be adjusted for each season to maximise the 
generated electrical energy from the PV installation. However, in order to minimise 
costs a fixed tilt angle is most commonly deployed. 

 
The multiple advantages of the solar PV technology can be summarised as follows [35]: 
 

o proven and well-established technology with extensive research and development in 
both field and laboratory tests over a time period for more than 50 years 
 

o offer a solution to decentralised power generation in small and medium scale 
 

o reliable and transparent research and improvements made on constituent components 
 

o easy and simple installation on both rooftops and as a ground mounted solution 
 

o high safety offered in the installation process and user-friendly with no effect on the 
environment in its operation 
 

o low costs required for operation and maintenance 
 
4.3.2 Solar Thermal Collectors 
 
In principle, solar thermal collectors are characterised differently depending on their operating 
temperature and movement (e.g. stationary, single-axis or two-axis tracking) [36, p. 125]. The 
different types of collectors available are presented in Table 2 below. 
 

Table 2. Different types of solar thermal collectors, adopted from [36, p. 126]. 

Motion 
 

Collector Type Absorber Type Concentration 
Ratio 

Indicative 
Temperature 
Range (°C) 

Stationary Flat-plate collector Flat 1 30 – 80  
Evacuated tube collector Flat 1 50 – 200  

Compound parabolic collector Tubular 1 – 5 60 – 240   
Single-axis 
tracking 

Compound parabolic collector Tubular 5 – 15 60- 300  
Linear Fresnel reflector Tubular 10 – 40 60 - 250 

Cylindrical Trough collector Tubular 15 – 50 60 – 300  
Parabolic trough collector Tubular 10 – 85 60 -400 

Two-axis tracking Parabolic dish reflector Point 600 – 2000 100 – 1500  
Heliostat field collector Point 300 – 1500 150 – 2000 

 
The flat plate collectors are economically feasible to manufacture compared to other solar 
collector types and can harness both diffuse and direct radiation. Their position is fixed and 
therefore the sun is not being tracked. The most favourable tilt angle is corresponding to the 
latitude of the location with a deviation of approximately 10 – 15 ° depending on its operation 
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and function for its specific purpose [36, pp. 127–128]. The constituent components of a flat 
plate collector are presented in Figure 12. 
 

 
 

Figure 12. The constituent components of a flat plate solar thermal collector, adopted from [36, p. 126]. 

 
Solar thermal energy can only be generated during times when the collector is exposed to solar 
radiation which is highly restricted both on a daily basis and between different seasons. 
Therefore, solar thermal collectors are usually installed with a thermal energy storage tank to 
collect as much thermal energy as possible [29]. A solar heating system generally includes a 
collection of solar collectors to absorb heat and a piping network for transferring this heat 
through a heat exchanger to finally reach a thermal energy storage tank [37]. Solar thermal 
collectors including heat exchangers are able to convert solar radiation to useful thermal energy 
in the circulating transport medium. The energy efficiency of such a system can vary between 
40 – 85 % for different models of thermal collectors (e.g. glazed, unglazed flat plate or 
evacuated tube) [34].  
 
In industrial applications, the parabolic trough collector with single-axis tracking of the sun is 
most commonly used [29]. The orientation of the flat plate solar collector installation follows 
the same principle as the PV installation where it is facing south if located in the northern 
hemisphere and vice versa. This application absorbs a high fraction of solar radiation as heat 
by the dark flat surface of the collector installation. The solar collectors hold a high absorptivity 
radiation that increases their efficiency. Subsequently, the heat is transported to a heating 
medium flowing in attached tubes located under the surface that absorbs the sunlight. The 
heating medium is usually a mixture between propylene glycol and water to create an antifreeze 
fluid suitable for colder winter days as well. Flat-plate collectors with high efficiency are able 
to attain temperatures of 100 °C. Evacuated tube collectors have the ability to transfer heat at 
higher temperatures and offer a higher efficiency compared to flat-plate collectors. The heating 
medium to be transferred is found inside the evacuated tube absorber. Therefore, the absorber 
is enclosed with vacuum space which makes it possible to significantly decrease the thermal 
losses caused by conduction and convection. 
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Another collector type available is the compound parabolic collector (CPC). This type of 
collector is able to reflect a wide range of angles of the incident solar radiation to the absorber 
that is situated at the bottom part of the solar thermal collector. Moreover, the absorber surface 
can be delivered in multiple arrangements, e.g. flat, wedge, cylindrical or bifacial. In addition, 
the CPC should possess a gap between the reflector and the receiver. Otherwise, there is a risk 
that heat is conducted away from the absorber by the reflector [36, p. 133]. The different designs 
are presented in Figure 13 below. 
 

 
 

Figure 13. Different absorber designs of a CPC [36, p. 134]. 

 
4.3.3 Heat Pumps 
 
A heat pump is a device that can be described as a cycle operation where heat is transferred 
from a low-temperature medium to a high-temperature medium. The heat pump can be used for 
either heating or cooling a building. If it is supposed to be used for heating purposes, heat is 
extracted from the environment. For cooling purposes, the heat is extracted from the building 
to the environment. A refrigerator cycle is comparable to the cycle of a heat pump. The heat 
pump generally consists of four components, including a compressor, expansion valve, 
evaporator and a condenser. The constituent components can be observed in Figure 14 below. 
The evaporator and condenser work as heat exchangers in the heat pump. Usually, heat pumps 
use electricity to supply the force needed to move the heat to move in the opposite direction of 
its natural flow [29].  
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Figure 14. The constituent components of a heat pump [38]. 

 
A brine is a fluid that circulates in a collector loop and absorbs heat energy from a selected 
source, e.g. ground-source, soil, ambient air or water at a low temperature. A brine fluid consists 
of alcohol or glycol and cannot freeze. In the evaporator, the lukewarm brine fluid in the 
collector loop meets the ice cold refrigerant (nowadays usually hydrocarbons or carbon dioxide) 
circulating in the cooling circuit of the heat pump. Subsequently, the refrigerant is heated up a 
few degrees and evaporates. Furthermore, the compressor increases the pressure of the 
refrigerant that is now in gas phase. The temperature increases as the pressure increases. 
Through a condenser, the heat is transferred from the heated refrigerant to either a heat storage 
tank or directly to the heating system of the house. As a result, the refrigerant is cooled down 
and enters the liquid phase once again. The refrigerant continues to circulate in the heat pump. 
The pressure is decreased in the expansion valve causing the temperature to drop. The process 
is repeated once the refrigerant meets the brine again in the collector loop [39]. The schematics 
of a ground-source heat pump coupled to a single-family house is presented in Figure 15 below. 
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Figure 15. A ground-source heat pump coupled to a single-family house [40]. 

 
The heat pump efficiency is determined by its coefficient of performance (COPHP). The 
supplied energy use can be lowered significantly for heating the building because of the high 
COP-value, which is determined by dividing the heat provided to the heated space with the 
electricity consumption of the heat pump required to supply this heat [29]. 
 

4.4 Energy Storage 
 
The purpose of an energy storage system is to store energy to be used at a later time. Different 
technologies of energy storage consist, e.g. electrochemical, chemical, mechanical, and 
thermal. This chapter will only focus on electrochemical and thermal energy storage [41]. 
 
4.4.1 Thermal Energy Storage (TES) 
 
A thermal energy storage tank is supplied with thermal energy which is stored until demanded 
by the energy end-use consumers. A TES system is able to store energy that is either above or 
below the ambient temperature and the design is offered in various types, e.g. caverns, tanks, 
ponds, and aquifers [29]. 
 
In general, the working principle of a TES system is characterised by the same process 
independent of the operation, where the charging process takes place when thermal energy is 
provided to the storage tank. In the next step, the storage process is introduced when the energy 
is stored. Finally, in the discharging process the energy is extracted from the TES and supplied 
to consumers. For every specific application the thermal energy storage is selected based on 
several different aspects, e.g. purpose of use, operating temperature interval, and the amount of  
time the energy is stored. There are three principal methods used for thermal energy storage, 
listed as follows: 
 

o latent thermal energy storage systems (SHTES) 
o sensible thermal energy storage systems (LHTES) 
o thermochemical thermal energy storage systems (TCTES) 
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The first method (SHTES) is the conventional way of storing heat energy. The technique is 
based on heating up or cooling down a medium, usually a fixed volume of water. The SHTES 
systems using hot water are dependent on the stratification effect that appears because of the 
difference in density between the cold and the hot water. The cold water can be found at the 
bottom while the hot water is placed at the top of the cylinder tank. The area in between is 
called the thermocline.  
 
The second method (LHTES) uses the difference in internal energy related to every state that 
includes a phase change process. Solid-to-liquid phase change is the most favourable process 
to apply in energy storage because of the low differences in volume and the high latent heat 
provided in the process. These types of systems mainly offer two significant benefits: 
 

o low variations in temperature in release and storage processes and 
o higher storage density 

 
The third method (TCTES) takes advantage of the released or stored energy that appears when 
molecular bounds are either split or formed in reversible chemical transformations. This 
phenomena enables the possibility to increase the energy storage density and utilise higher 
temperature differences. However, in TCTES processes the velocity is slow and it can be 
challenging to find appropriate chemical reactions because of their extensive application [7, p. 
493]. 
 
TES systems are highly useful as part of an integrated solution the need for thermal energy 
storage has gained significant interest because of the intermittency of renewable energy sources. 
Moreover, the interaction between multiple technologies generating thermal energy is not 
optimised since individual controls are used to monitor the operation of these stand-alone 
systems [7, p. 424]. 
 
In future energy systems, potential solutions can include various conversion technologies to 
supply thermal energy to a heat storage installation, e.g. biofuel-driven technologies, solar 
collectors, etcetera. Synergies between these decentralised energy technologies and thermal 
energy storage systems will contribute to implement energy flexibility. Different scenarios can 
be established to assess possible solutions depending on the demand for hot water, storage tank 
capacity, prevailing temperature in the energy storage cylinder, and surrounding weather 
conditions including seasonal variations [7, pp. 424–428]. The schematic of a solar collector 
installation integrated with a heat storage unit is presented in Figure 16 below. 
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Figure 16. Schematic of a solar collector installation [42]. 

 
The most important conditions to consider in the design phase of a TES system are listed as 
follows: 
 

o valuable heat transfer between the storage material and the heat transfer fluid 
o resistant storage material from a chemical and mechanical perspective 
o thermal losses are low while the energy is stored 
o simple control management 
o high storage capacity (high energy density) 
o storage and container material are compatible with each other 

 
TES systems need to manage the volatility of the energy supply as a result of the higher 
penetration of renewable energy sources in future sustainable energy systems. In addition, the 
TES systems are capable of dealing with consumption peaks by discharging punctually and 
straightening out the load curve and concurrently excluding the need for fossil fuel-driven 
processes during the peak. This increases the efficiency of the entire energy system [7, p. 443]. 
 
Sweden is located in the northern part of Europe characterised by an arctic climate resulting in 
humid seasons. During summer time the climate is moist and cool while the winter seasons are 
relatively cold with a great amount of snow. Therefore, a result of these seasonal variations the 
demands are shifting and multiple technical solutions are proposed, e.g. energy conversion, 
domestic hot water, space heating, distribution and storage systems [7, p. 442]. 
 
In the building sector, the stored heat energy can be utilised for domestic hot water and space 
heating. The common issue with supplying heat to buildings is that the demand from consumers 
is typically at its peak when the heat energy cannot be easily accessed or generated for low 
costs, making it highly useful if the possibility exists to store excess heat. Furthermore, the 
quantity of heat and whether it should be stored on a short-term or a long-term basis needs to 
be considered [7, pp. 444–445].  
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4.4.2 Battery Energy Storage (BES) 
 
In BES, electrical energy can be stored by applying a chemical process. Subsequently, the 
stored energy can be utilised when the supply is insufficient to cover the demand. The need for 
integrating renewable energy technologies such as solar PV panels in energy systems or for 
individual households increases the need for installing BES. Batteries are capable of storing the 
energy generated by solar PV panels either by battery banks with several merged batteries or 
with individual batteries of a larger size. The energy generated from the PV panels can either 
be stored in the BES for later use in the household or sold to the grid. The integration of solar 
PV panels and BES is presented in Figure 17. In residential homes, multiple advantages can be 
obtained with BES, e.g. [43]: 
 

o offering continuous supply if the grid supply from the site is unstable 
o balancing feed-in tariffs for consumers where the use of electricity from the grid can be 

prevented and avoid paying for high-cost electricity 
o utilising the maximum potential of energy by storing solar energy 

 
BES is useful for storing surplus energy generated from the PV installations and can be used at 
a another time when sunlight is not available. Electrical energy should not be charged from the 
grid if surplus energy can be obtained from the PV power. However, if the PV system is not 
providing with sufficient surplus energy to entirely charge the BES, it might be beneficial to 
charge from the grid instead. On the other hand, charging from the utility grid is only financially 
justifiable if the potential savings of consuming the energy in the battery storage that has been 
charged from the grid, is higher than the costs for purchasing the energy including the costs due 
to losses and degradation of the battery [44]. 
 
In batteries, several electrochemical cells are used in chemical reactions to allow electrons to 
flow. This is typically the case in for example lead-acid and lithium-ion batteries. If surplus 
power is generated the battery can store the energy and discharge for later use. This type of 
storage solution is applicable for both short-term and long-term purposes. The advantages with 
this type of energy storage are the flexibility to utilise it for different scales and its high 
efficiency. In addition, this type of solution can be implemented as a part of an energy system 
and it has also been deployed to a limited extent in stationary and mobile operation. However, 
extensive utilisation of battery energy storage is restricted by difficulties in managing the 
lifetime of the battery, charging capacity, costs, energy density, and power performance 
characteristics [45, p. 21].   
 
In real-life applications, the sizing of a battery depends on a number of factors since all 
households are different. Generally, a residential battery storage system is sized between 3 to 
12 kilowatt-hours (kWh). In commercial installation on a smaller scale, the stored energy can 
amount to 200 kWh. The sizing of the battery storage system is affected by numerous factors, 
listed as follows [43]: 
 

o financial assets 
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o the location, orientation, and type of house 
o the average energy consumption of the household 
o at what times of the day the energy consumption within the household is found 
o the size of the solar PV installation as well as the amount of energy generated from it 
o ambient climate conditions 
o the purpose with the use of the battery (e.g. work as a complement to the energy supply 

or to become fully self-sufficient)  
 

 
 

Figure 17. Description of a solar photovoltaic installation integrated with a battery energy storage system in a single-family 
house [43]. 

 
4.5 Distribution 

 
The distribution grid is described as the last phase of the electricity grid where electrical power 
is reduced and subsequently delivered to the residential, industrial, and commercial sectors. 
The distribution grid consists of poles, lines, and transformers as well as protection and 
switching circuits to distribute secure electrical power [46]. This sub-section will include the 
implementation of the electricity grid and the district heating grid in the energy system. 
 
4.5.1 Electricity Grid 
The electricity grid refers to an interconnected network in the delivery of electricity from 
producers to energy end-users, including [46]: 

o electrical power generated from power stations 

o transmission lines of high voltage delivering power to consumers 

o distribution lines coupling separate actors to the grid 

A part of the electricity flowing through the transmission lines is dissipated as heat through 
resistance. A higher voltage results in less electricity dissipated as heat on a transmission line. 
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Moreover, the power level can be lowered by transformers from 1 kV to levels between 100 to 
400 V [46]. 

Development in energy efficiency, battery technology, load management, and future 
improvement in the performance of renewable energy conversion technologies can support 
consumers and local grids in becoming self-sufficient. In order for this to become reality, the 
grid customers would need to overcome the difficulties in seasonal and daily variations of both 
sunlight and energy demand. In that case, the distribution grid may play out its role in urban 
district areas but still be useful to supply electricity to industries and larger cities. However, 
significant finances are currently required to even be close to achieve this [46]. Moreover, an 
increase in renewable electricity generation might result in higher distribution of variable power 
generation from intermittent energy technologies, e.g. wind and solar energy [7, p. 471]. 

 
4.5.2 District Heating Grid 

The district heating system is considered as a climate-smart energy system providing heat to 
more than 50 % of all buildings in Sweden (both in the residential and commercial sector). The 
network supplies hot water in insulated pipes located below ground surface and covers 
thousands of kilometres. District heating is produced from waste (e.g. wood chips, timber, 
branches, and excess heat from industries or commercial buildings). It is considered as a 
sustainable and convenient technology for providing heat to consumers in urban districts [47]. 

District energy systems are coupled with industrial plants, e.g. cogeneration plants to supply 
heating or cooling services to districts. The method is used to provide space heating and 
supplying domestic hot water to multiple building sectors (e.g. commercial, institutional, 
residential, industry and businesses). District energy is a better alternative in several aspects 
compared to conventional processes of heating and cooling as it is able to offer higher 
efficiency, safety and reliability in its performances [29].  
 
The fundamental principle of district heating consists of heat produced in a central plant and 
subsequently distributed in insulated pipes as steam or hot water to final energy end-users. A 
proper design of a district heating system offers secure networks between end-users and 
possibilities to expand the system to additional plants and consumers. The heat transport cycle 
mainly consists of a heated fluid transported to the inhabitants of the district and is subsequently 
returned for reheating. The two main advantages of district heating over conventional heating 
systems are [29]: 
 
1. The economy of scale. Heat provided from large central heating plants is generally more 
efficient compared to individual solutions based on small systems for heat provided to buildings 
and industries even when accounting for the distribution losses.  
 
2. A range of heat source options available. District heating systems can take advantage of 
multiple different heat sources compared to individual solutions for separate buildings, e.g. 
industrial waste heat, municipal waste, and waste heat generated from cogeneration plants.  
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4.6 Service Technologies 

 
Service technologies include the improvement of accessibility in infrastructure and the 
integration of emerging technologies as well as the operation, generation, conversion, mobility 
and storage of processes in urban energy systems to energy end-users. The following sub-
section will focus on the electrification of the transport system. 
 
4.6.1 Electric Vehicles (e-transport) 
 
Electric vehicles are gaining significant importance on the market as people search for 
alternative solutions to reduce the air pollutant emissions and decrease the dependency on liquid 
fossil fuels. Currently, a substantial issue in infrastructure is the limited expansion of charging 
stations that restricts the possibility and interest for people in considering EVs as an alternative 
solution [48]. Furthermore, other difficulties are found in restricted driving range, inadequate 
charging infrastructure, and significant initial costs [49]. The absence of air pollutant emissions 
from EVs together with its smooth and silent operation are some of the most apparent 
advantages when it comes to the performance of this vehicle type. Challenges in the future 
involve further development of batteries by increasing their durability and lowering their weight 
and size [50]. The constituent components of an EV are presented in Figure 18. 
 
However, a higher share of EVs in the transport sector increases the electricity demand. Diverse 
challenges in covering the energy demand from EVs occur if the energy system consists of 
energy supply from intermittent renewable energy sources. Therefore, it is necessary for the 
transport sector to interact more closely with other sectors within the energy system [51]. 
 
 

 
 

Figure 18. The constituent components of an electric vehicle, adopted from [52]. 
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The working principle behind a plug-in hybrid electric vehicle consists of features found in 
both an ICEV and EV with the ability to charge both conventional fuel and electricity. 
Therefore, PHEVs can work as a useful alternative in the transformation toward an 
electrification of the transport system. Furthermore, the longer driving range and the shorter 
recharging time offered by PHEVs compared to EVs are important aspects to consider as these 
are two of the main issues currently experienced with EVs. Therefore, PHEVs will be highly 
important in the electrification of the passenger car fleet from fossil fuel driven vehicles to 
electric vehicles [53]. The constituent components of a PHEV are presented in Figure 19. 
 

 

 
Figure 19. The constituent components of a plug-in hybrid electric vehicle, adopted from [54]. 

 
4.6.2 Charging Stations 
 
A favourable implementation of charging infrastructure is characterised by knowledge about 
the local circumstances concerning its potential and limitations. For instance, a district 
including multiple single-family houses and private parking spaces reduces the need for 
common charging infrastructure. However, districts with a large number of EVs but a low 
number of single-family houses increases the demand for a well-developed charging 
infrastructure in public spaces [48].  
 
The charging time of an EV highly depends on the type of charger. The focus in this sub-section 
will be put on conductive charging (via cables). Chargers of EVs are usually provided in three 
different categories: 
 

o Level 1 charging stations 
 

o Level 2 charging stations 
 

o Level 3 charging stations (DC Fast Chargers) 
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Level 1 charging stations are typically installed at home and offer a range of 3.2 to 8 kilometres 
per hour of charging. This type of charger does not need any supplementary equipment in the 
installation phase. Moreover, the Level 1 charger is the most economically favourable type. 
However, it is also the slowest type for charging the battery in the EV. Therefore, the EV is 
preferably plugged into the charging station at night time [55]. 
 
Level 2 charging stations are found both in the residential and commercial sector, but cannot 
be directly plugged into a standard wall outlet. This type of charger can offer a range of 16 to 
100 kilometres per hour of charging and charge a battery of an EV within two hours, suitable 
for both companies and homeowners in need of fast charging [55].  
 
Level 3 charging stations deliver a range of 100 to 160 kilometres per hour of charging in only 
20 minutes. This type of charger is common in the industrial and commercial sector and requires 
installation and maintenance with specific equipment. However, only a restricted number of 
EVs are able to charge from a DC Fast Charger [55]. 
 

4.7 Services 
 
In this section, emphasis will be put on describing the energy system from the perspective of 
the final energy end-user, including user profiles, building energy management, and the 
integration of multiple sectors within the same energy system. 
 
4.7.1 User Profiles 
 
The user profiles used for the different concepts provided in section 5 describe the energy 
demand of space heating, domestic water, and electricity for different types of buildings, e.g. 
single-family houses, terraced houses, and dwellings. In Figure 20-22, the demand curves for 
space heating, domestic water, and electricity are provided for different building types over one 
year for each hour of the year. The curves have been retrieved from Vattenfall AB, Research & 
Development. In addition, the curves are represented through factors of the total energy 
consumption of heat and electricity and follow the characteristic curve observed for specific 
building types throughout the year. For heating, the accumulated value for a single-family house 
amounts to a factor of 0.75 for space heating and 0.25 for domestic hot water and the same goes 
for the demand curves of a terraced house. For dwellings or apartments, the factor for space 
heating is 0.7 and 0.3 for domestic hot water. Regarding the electricity consumption, the 
accumulated value for each building type amounts to the value of 1. 
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Figure 20. Demand curves representing space heating, domestic water and electricity for a single-family house. 

 

 
Figure 21. Demand curves representing space heating, domestic water, and electricity for a terraced-house. 

 

 
Figure 22. Demand curves representing space heating, domestic water, and electricity for a dwelling. 
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Furthermore, the internal loads implemented in Concept 1 (found in section 5) have been 
retrieved from the Swedish Energy Agency (Energimyndigheten) [56]. The average electricity 
consumption for each of the different loads on weekdays and weekends are presented in Figure 
23 and 24 below. 
 

 
Figure 23. The average internal loads per day of a single-family house on weekdays. 
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Figure 24. The average internal loads per day of a single-family house on weekends. 

 
The internal loads represented the average value of each load for each hour of the day, but it is 
important to observe that several of these loads were varying throughout the year. Therefore, 
the seasonality effect of these loads needed to be accounted for when creating text files to 
represent the variations in internal loads between different seasons throughout the year. The 
loads that have been observed to depend on seasonal variations according to the study 
conducted by the Swedish Energy Agency are cold appliances (e.g. freezers), cooking, lighting, 
audiovisual site, and TV. The seasonality effect of those loads can be found in [56]. 
 
4.7.2 Buildings 
 
The basic principle of a heating or cooling system is to provide comfort to inhabitants in indoor 
conditions. The optimal heating systems are designed to supply sufficient amount of heat in 
relation to the heat being lost in the building zone. In the residential sector, space heating 
accounts for 61 % of the total energy use, while 18 % is needed for cooking, lighting and other 
appliances. Moreover, hot water production is estimated to require 14 % while space cooling 
requires 6.9 % of the total energy use [57, p. 141].  
 
Heating can be described as “the transfer of energy to a space or to the air in a space by virtue 
of a difference in temperature between the source and the space or air”. This type of process 
can be delivered in different types of forms, e.g. district heating, forced circulated air, free 
convection to the heated area or direct radiation. Heat transfer occurring when the air 
temperature is increased is called “sensible heat transfer”, while heat gain is described as the 
rate of energy generated or transferred within an area. Typically three types of heat transfer 
appear in a building zone at the same time – radiation, conduction, and convection. They all 
contribute to the calculations of heat gain and heat loss in a building structure [57, p. 141]. 
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The climatic conditions, e.g. outside enthalpy, outdoor temperature and solar radiation are all 
important factors for estimating the energy flows in a system boundary. Moreover, these factors 
are highly different depending on the specific location [57, p. 147]. 
 
The indoor temperature is dependent on several influences, e.g. [58]: 
 

o solar yields 
o heat bridge losses 
o ventilation losses 
o heat transmission through windows, walls, and doors 
o internal yields and losses from people including usage of electricity and water 
o internal heat storage, e.g. inner masses, walls, and air  

 
To properly design the heating system the net heat load required could be estimated by applying 
the equations 5-7 below [57, p. 147]: 
 

=̇?@ABCDE = =̇?@ABFGHH@H −	 =̇?@ABEACDH , (5) 
 
where 

=̇?@ABFGHH@H = =̇BIADHJCHHCGD +	=̇L@DBCFABCGD +	=̇CDMCFBIABCGD (6) 
 
and  
 

=̇?@ABEACDH	= =̇HGFAICIIANCABCGD +	=̇O@GOF@ +	=̇@F.AOOFCADP@H. (7) 
 

The different parameters are indicated in Table 3 below: 
 

Table 3. Heat gains and heat losses in different forms. 

Heat gain or heat loss Description Unit 
Q̇RSTUVWX Net heat load needed by the 

building zone 
[W] 

Q̇UYTWZ[VZZV\W Heat loss from transmission 
through walls, windows, roof, and 

doors 

[W] 

Q̇]SWUV^TUV\W Heat loss from ventilation [W] 
Q̇VW_V^UYTUV\W Heat loss from infiltration of air [W] 

Q̇Z\^TYVYYT`VTUV\W Heat gain from solar radiation [W] 
Q̇aS\a^S Heat gain from occupants [W] 

Q̇S^.Taa^VTWbSZ Heat gain from electrical 
appliances 

[W] 

 
The heating load could be calculated using weather data and detailed information about the 
building design. Moreover, occupancy rates and behaviour patterns were needed. The following 
procedure was adopted to design the energy system of the first concept [57, p. 160]: 
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o Design conditions for indoor and outdoor climates. 
 

- Weather data was required to be obtained, including: solar radiation, outdoor 
temperature, wind speed, and wind direction. For indoor design conditions, the 
air temperature needed to be determined for each building zone and the 
ventilation flow rate. Moreover, unheated spaces such as garages and attics 
should be determined. 

 
o Building features and structure. 

 
- Building characteristics needed to be collected, including building dimensions, 

materials, heated area, roof, glass, and shapes. In addition, the orientation and 
location of the building as well as external shading were parameters that also 
needed to be considered. This kind of data could be retrieved from building plans 
or blueprints. Furthermore, the heat transfer coefficients were required to be 
determined for outside and inside walls, glass, and roofs.  

 
o Heat gains from internal loads 
 

- Internal loads in conditioned spaces that contribute to heat gains needed to be 
determined, e.g. number of  occupants, presence of occupants, internal 
equipment, and electrical appliances. 

 
o Heat losses 

 
- Transmission heat losses were estimated for each type of wall, floor glass, 

ceiling, roof and basement as well as ventilation losses in the building zone. 
- Ventilation losses occur when the air inside is partly replaced with fresh, cold 

air from the ambience. 
- Infiltration losses appear in air leakages into the building zone through openings 

and cracks. 
 
The indoor temperature could vary depending on a number of factors, e.g. building use, code 
requirements and type of occupancy. Typically, a relatively low indoor temperature was set to 
avoid oversizing the heating equipment. In general, the design temperature used is 21°C and 
the relative humidity is set to not exceed 30 %. However, these design conditions were within 
the lower limit of the comfort zone, but higher humidity could result in considerable 
condensation on windows and walls depending on insulation and type of construction. 
Furthermore, unheated spaces were also a part of the building structure. The temperature in 
these spaces is commonly between the indoor and outdoor design temperatures [57, p. 162]. 
 
In this study, the window frames were assumed to be wooden [57, p. 169]. In the model, the 
windows were assumed to be double-glazed and the window proportion was set to 12.5 % with 
recommendations from Boverket [59]. In Table 4 and 5, different U-values are presented 
depending on the selected frame material: 
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Table 4. U-values for different window installations. 

 Wooden Steel Aluminium 
Double-glazed 2.5 W/m2K 3.2-3.6 W/m2K 3.4-4.3 W/m2K 
Triple-glazed 1.9 W/m2K 2.6-2.9 W/m2K 2.7-3.5 W/m2K 

 
Table 5. Wooden-framed doors. 

Balcony double door External door (without glass) 
2.1 W/m2K (50 % glass) 1.3 W/m2K 
2.4 W/m2K (100 % glass) 0.7 W/m2K (double door) 

 
Heat gains occur in different forms within a space, listed as follows [57, p. 180]: 
 

o solar irradiation (where not more than 80 % of the radiation is transferred to the room 
if standard double glazed windows are installed) 

o sensible and latent heat gains caused by occupants in the area 
o electrical appliances and similar equipment 
o radiation and sensible heat convection generated by internal objects 
o heat energy supplied by lights and people 

 
Lighting is usually considered as one of the larger internal load components, but computing 
accurate estimates of the rate of heat gain from this type of source can be relatively difficult 
due to considerable additional heat from associated components in light housing installation. 
To properly estimate the heat gains from lighting in a household throughout the year, the sunrise 
and sunset including the total daylight hours in Uppsala have been considered. In Table 6, this 
is presented for the beginning of each month with data from [60].  
 

 
Table 6. Sunrise, sunset and hours of daylight in the beginning of each month in Uppsala. 

Date Sunrise Sunset Hours of daylight 
January 1st 08:51 14:55 6 h, 4 min 
February 1st 08:03 16:03 8 h 

March 1st 06:49 17:16 10 h, 27 min 
April 1st 06:16 19:32 13 h, 16 min 
May 1st 04:49 20:46 15 h, 57 min 
June 1st 03:40 21:55 18 h, 15 min 
July 1st 03:32 22:13 18 h, 45 min 

August 1st 04:30 21:20 16 h, 50 min 
September 1st 05:44 19:54 14 h, 10 min 

October 1st 06:54 18:23 11 h, 29 min 
November 1st 07:10 15:55 8 h, 45 min 
December 1st 08:22 14:54 6 h, 32 min 

 
 
Furthermore, the assumed active presence in the house that causes lights to be switched on is 
found in Table 7 below. 
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Table 7. Assumed active presence in the house causing lights to be switched on. 

 Weekdays Weekends 
 

January 
06:30 – 07:30 

 
17:30 – 23:00 

08:00 – 10:00 
 

14:00 – 23:00 
 

February 
06:30 – 07:30 

 
17:30 – 23:00 

08:00 – 09:00 
 

15:00 – 23:00 
 

March 
06:30 – 07:30 

 
17:30 – 23:00 

- 
 

16:00 – 23:00 
 

April 
06:30 – 07:30 

 
19:00 – 23:00 

- 
 

19:00 – 23:00 
 

May 
- 
 

20:00– 23:00 

- 
 

20:00 – 23:00 
 

June 
- 
 

21:00 – 23:00 

- 
 

21:00 – 23:00 
 

July 
- 
 

22:00 – 23:00 

- 
 

22:00 – 23:00 
 

August 
- 
 

21:00 – 23:00 

-  
 

21:00 – 23:00 
 

September 
- 
 

19:00 – 23:00 

-  
 

19:00 – 23:00 
 

October 
06:30 – 07:30 

 
17:30 – 23:00 

- 
 

17:30 – 23:00 
 

November 
06:30 – 07:30 

 
17:30 – 23:00 

- 
 

15:00 – 23:00 
 

December 
06:30 – 07:30 

 
17:30 – 23:00 

08:00 – 09:00 
 

14:00 – 23:00 
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The different material constants typically used for building constructions are presented in Table 
8 below. 
 

Table 8. Different material constants for building constructions [61]. 

Material Density [kg/m3] Specific heat capacity [kJ/(kgK)] 
Armoured concrete 2400 0.96 

Brick 1800 1800 0.92 
Sand-lime brick 1600 0.87 

Brick 1400 0.92 
Light Brick 800 0.92 

Aerated Concrete 640 640 1.04 
Aerated Concrete 470 470 1.04 

Polystyrene 20 1.21 
Plywood 500 1.61 

Wood 650 1.6992 
 
Finding ways to reduce the electricity consumption could have a positive environmental impact 
and lead to financial savings for households. Moreover, internal heat loads could be minimised 
and subsequently decrease the risk of overheating rooms during the hot summer months. 
 
In addition, the shell of the house could be in need of an overview. This includes doors, walls, 
roof surfaces, and ventilation systems that could be in need of improvements to reach higher 
energy efficiency. The distribution of heat losses from these areas of the house is presented in 
Figure 25. 
 

 
Figure 25. The distribution of heat losses from different areas of a house, adopted from [62]. 

 
4.7.3 Integration 
 
According to Worrell E. et.al [63], an energy system is described as “an interrelated network 
of energy sources and storages of energy (supply or primary energy), connected by transmission 
and distribution (secondary energy) of that energy to where it is needed”. On an urban district-
level, the energy sectors commonly identified are residential, industrial, commercial and 
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transport. Every individual sector requires energy to provide electricity, heat and fuels to the 
inhabitants.   
 
The shift from usage of fossil fuels to electricity and the implementation of electric vehicles 
instead of fossil fuel driven vehicles can have a significant impact on the average electric load 
demand and can lead to a higher consumption. Moreover, the peak demand is also expected to 
be higher in the distribution grids. However, the installation of rooftop solar PV panels might 
enable the possibility to increase the potential of decentralised production of electricity in the 
electric distribution grids, with certain restrictions because of daily and seasonal variations of 
solar radiation availability [64]. 
 
Installing a thermal energy storage system can be highly appropriate for a combined heat and 
power plant operating at full load, because this type of operation indicates that waste heat will 
occur meaning that the heat supply in the production process will be higher than the demand. 
The size of a storage unit determines its capacity to store surplus energy and utilise it at a later 
stage when the CHP plant is insufficient to provide enough thermal energy in relation to the 
current demand. This will increase the thermodynamic efficiency of the entire system and a 
higher share of the produced thermal energy would be utilised [7, p. 499]. 
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 Description of Concepts 
 
A total of three concepts have been established with the general idea to present the difference 
between individual energy solutions of households compared to integrated solutions of multiple 
households to emphasise the possible synergistic effects. Furthermore, each of these concepts 
have been broken down into six categories to capture the surrounding aspects with the possible 
development of future sustainable energy systems. However, emphasis was put on describing 
the concepts mainly from the perspective of energy end-users. The technological aspect and the 
modelling procedure of the different concepts are specified in section 5.5. 

 
URBAN PLANNING SYSTEM: This category described the interaction of the 

anthropogenic effects and the physical factors in the environment, addressing the public 
welfare, e.g. climate, water supply, and distribution networks. Urban planning systems 
currently face challenges related to finding sustainable energy solutions, dealing with 
reallocating economic activities and maintaining competitiveness in comparison to other cities 
or districts. Furthermore, urban planning becomes essential in order to create an understanding 
of the complexity between these conditions in the system and to establish a framework to 
overcome current and future challenges. More specifically, this refers to the ability of analysing 
and integrating transport, housing, and services in the planning process for sustainable 
development of future urban regions [65]. 
 

 
LIFESTYLE: There is a considerable correlation between lifestyle and housing that 
was necessary to define in the elaborated concepts. There are several factors that could 

influence the lifestyle of people and could be identified by the demographic and socioeconomic 
characteristics. However, the lifestyle of each individual is quite unique and it can be 
challenging to identify trends and lifestyles of people over longer periods of time because 
factors such as interests, incomes and occupations will change depending on the different stages 
of the human life cycle [66]. 

 
 

ENERGY INDUSTRY: The energy industry is expected to change more in the next 
few years compared to how much it has changed in the last 50 years [67]. Therefore, 

a shift in focus can be expected from this where emphasis is put on five emerging trends with 
support from [68], listed as follows: 
 

o regional drive of decarbonisation 
o transformation to decentralised solutions 
o progress in technology and innovations 
o further improvements in interdependent systems 

 
 

TRANSPORT: Currently, one third of the total final energy use in Sweden is 
consumed in the transport sector where most of the energy consumed in this sector comes from 
fossil fuels. In order to reach sustainable solutions for future energy systems, the share of 
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biofuels and use of electricity from renewable energy sources for electric vehicles will have to 
increase and potentially decrease the dependency on fossil fuel-driven vehicles [67]. 
 

 
ENERGY SUPPLY: The choice of energy supply technologies is associated with the 

planning of future urban systems where large emphasis was put on providing secure 
supply of energy in the future energy systems [67]. The complexity of identifying secure energy 
supply technologies was accomplished by the fact that renewable energy sources are 
intermittent and therefore highly weather dependent which presented the direct need of energy 
storage solutions [67]. 
 

5.1 Concept 1 – Detailed Model of a Single-Family House 
 
The first concept presented the integration of supply, storage, transmission and use of energy 
for a detailed model of a single-family house. Moreover, the reason for modelling a separate 
building was to create a better understanding of the constituent components in the simulation 
tool but also within an energy system in real-life applications. Therefore, the first concept 
worked as a starting point to expand the energy system to an urban district-level.  
 

 
URBAN PLANNING SYSTEM: This concept was characterised by individual energy 

solutions of each building with the purpose to describe the relevant components required 
in an energy system to become self-sufficient. Furthermore, the effect on the complete energy 
system from individual components could be evaluated. The change in public behaviour 
highlighted this concept.  
 

 
LIFESTYLE: The house was designed according to standards for new constructed 
buildings in the area of Uppsala. The building envelope was designed with air 

tightness, high insulation and windows with low U-values to assure minimum losses. 
 

 
ENERGY INDUSTRY: A significant shift in focus characterised this concept with a 
strong support for decentralised solutions including a high adoption of renewable 

energy technologies, e.g. solar PV panels and solar thermal collectors. 
 

 
TRANSPORT: The concept was characterised by the electrification of the transport 

sector and the implementation of electric vehicles in the car fleet. 
 

 
ENERGY SUPPLY: Energy was supplied from solar PV panels and solar thermal 

collectors. Moreover, a ground-source heat pump was integrated in the building to 
propose an integrated solution. These energy converting technologies were integrated with 
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battery energy storage and thermal energy storage solutions to balance fluctuations of heat and 
electricity.  

 
5.2 Concept 2 – Energy System Model of a Terraced House 

 
The second concept was developed to present the level of self-sufficiency of a terraced house 
with a similar design as proposed in the first concept. 
 

 
URBAN PLANNING SYSTEM: This concept was characterised by individual energy 

solutions of a terraced house with the purpose to describe the relevant components 
required in an energy system to become self-sufficient. Furthermore, the effect on the complete 
energy system from individual components could be evaluated. The energy consumption was 
assumed to be the same for the simulated year as for the past few years with no significant 
change observed regarding decreased energy consumption. 
 

 
LIFESTYLE: The building was designed with standards of a new constructed urban 
terraced housing with energy-efficiency in focus. 

 
 

ENERGY INDUSTRY: The same support for decentralised solutions and a high 
adoption of renewable energy technologies, e.g. solar PV panels and solar thermal 

collectors was used here as in the first concept.  
 

 
TRANSPORT: The concept was characterised by a partly electrified transport sector 

with the implementation of plug-in hybrid electric vehicles in the car fleet. This is an alternative 
type of vehicle that is more likely to be implemented in the future Swedish car fleet mainly due 
to the flexibility offered by diversifying the fuels used for transport with both liquid fossil fuels 
and electricity for charging.  
 

 
ENERGY SUPPLY: Energy was supplied from solar PV panels and solar thermal 

collectors. Moreover, a ground-source heat pump was integrated in the house to 
propose an integrated solution. These energy converting technologies were integrated with 
battery energy storage and thermal energy storage solutions to balance fluctuations of heat and 
electricity.  
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5.3 Concept 3 – Energy System on an Urban District-Level 
 
The basic idea with this concept was to present the benefits of synergy, addressing the following 
aspects: 

 
o cooperative interaction 
o alternative carpool system and high dependency on public transport 
o integrated solutions 
o centralised power plants with district heating connection  
o decentralised solutions with individual heat pumps installed in each household as a 

comparison 
 

 
URBAN PLANNING SYSTEM: The energy system design in this concept had a 

strong focus on the interaction between residential building consumers in an integrated 
energy solution to emphasise the potential synergistic effects. 
 

 
LIFESTYLE: The lifestyle of people in the area was described as energy-efficient 
with a high priority on secure energy supply with low engagement in implementing 

individual energy solutions. However, the district as a whole worked as a forerunner for green 
growth and sustainable development by investing in solar parks consisting of a solar PV plant 
and a solar thermal collector plant, thus decreasing the dependency on employing individual 
energy solutions of rooftop solar PV and thermal collectors in the energy system. 
 

 
ENERGY INDUSTRY: A significant focus on flexibility with a district heating 
solution was found in this concept with a strong support for energy conversion 

technologies creating a lower dependency on shifting weather conditions. For simplicity, the 
energy consumption was assumed to be the same when aggregating the total consumption for 
each building type of the simulated year. Therefore, significant peaks could be observed on the 
demand-side for electricity and heat consumption.  
 

 
TRANSPORT: The transport sector was influenced by sustainable urban mobility 

with battery electric vehicles. The system was designed considering either a car sharing pool 
for transportation addressing smart mobility solutions or individual ownership of EVs. 
However, a low car ownership rate is created through well-established public transport in high-
density urban areas and should be the main target in this concept to reach a higher synergistic 
effect. 
 

 
ENERGY SUPPLY: Energy was supplied from larger local installations of solar PV 

power plants and solar thermal collector plants and a peak power boiler as well as a 
cogeneration plant to balance the load throughout the year. The solar driven installations were 
located in parks with vegetation consisting of only bushes and low-rise trees surrounding the 
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systems for maximum availability of solar energy. The energy was distributed to end-users 
through a district heating network assuming all houses were connected to the grid. 
Subsequently, this type of solution was compared to an energy system where all buildings had 
an individual heat pump installed. 
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5.4 Comparison Between the Concepts 

 
A comparison of the different concepts is summarised in Table 9 below. 
 

Table 9. A comparison between the different concepts. 

 Detailed 
Model of a 

Single-Family House 

Energy System 
Model of a 

Terraced House 

Energy System on 
an Urban District-
Level 

  
  

 
Key Priority 

 
Energy generation is 

characterised by 
individual solutions 

with a strong focus on 
minimising the energy 
consumption and reach 

self-sufficiency 

 
Energy generation is 

characterised by 
individual solutions 

with a strong focus on 
self-sufficiency 

 
Energy should be generated 
and consumed to ensure a 

sustainable development of 
the area, and the possibility 
of sharing or utilising the 

excess energy 

 
Type of Energy 
System 

 
Energy-efficient, 
decentralised, and 

renewable 
 

 
Self-sufficient, 

decentralised, and 
renewable 

 
Secure energy supply with 
integrated and renewable 

energy solutions 

 
Load Shifting of 
Peak Demand 

 
Thermal energy storage 
Battery energy storage 

 
Thermal energy storage 
Battery energy storage 

 

 
Import/Export of electricity 

and heat externally 
 

 
 

5.5 Energy System Models 
 
The design of different sub-models were a part of a process of building computer models of 
energy systems in order to analyse both individual components and the operation of the entire 
system. Key aspects considered in the different sub-models were energy system operation and 
high renewable energy penetration. The solver used for parameter studies and reference year 
simulation for the different models was the CVODE Method (compiled C-code). 
 
 
5.5.1 Design – Detailed Model of a Single-Family House 
 
The first concept consisted of a single-family house supplied with floor heating. A thermal 
energy storage tank was included in the house that was supplied with hot water from a ground-
source heat pump as well as rooftop solar thermal collectors. Moreover, solar photovoltaics 
were installed on the building rooftop supplying electrical power to the house. In addition, an 
electric vehicle was included as a part of the model as well as a charging station. Finally, the 
energy system model was balanced with a battery energy storage system. The single-family 
house was divided into two different building zones – the living area consisting of two floors 
and the roof area. 
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The model provided the possibility to make a detailed design of a single-family house including 
specific dimensions of outer walls, roofs, floors, doors and windows. Moreover, the net floor 
space and the height of the zone were included. In addition, the thickness, density and specific 
heat capacity could be accounted for in the design of each boundary, proposing a high level of 
detail to be achieved. Furthermore, specific heat transmission values could be added for outer 
walls, windows and doors specified for each boundary of the house. Moreover, correction 
values (e.g. dirt and frame correction value for windows and shading correction value for each 
boundary) were accounted for in the building zone. Finally, regarding the design of each 
boundary, the total translucency, absorption coefficient as well as the inner and outer heat 
transmission coefficient of each boundary were considered by the model.  
 
Regarding heat yields and losses, the model was able to consider the body heat dissipation of 
each person present in the house as well as individual heat losses by cold water usage per 
person. Furthermore, a value for the heat dissipation as a result of the usage of electrical devices 
per person was included.   
 
In addition, the number of persons present in the house throughout the day and the internal 
loads have been implemented in the model (e.g. cooking appliances, washing machine, TV, 
lighting, refrigerator, dishwasher, etcetera). These curves are presented in section 4.7.2. Finally, 
ventilation losses were also accounted for with a value for the air leak of zone and an air volume 
flow of ventilation due to comfort as well as a heat transmission value that represented the heat 
bridge losses of the building zone. The building zone represented a comparatively energy-
efficient household and was designed according to standards of new constructed single-family 
houses in Sweden. 
 
The heating system needed to be operated to meet the ambient conditions, a high indoor comfort 
and a low return temperature [69]. The nominal share between radiation and convection was 
described by heating system exponent (n) and was assumed to be 1.1 according to 
recommendations provided in the model description. In new constructed buildings and with a 
floor heating solution, the nominal values for flow and return temperature are typically 45/35°C 
and 35/28°C and have been used in the sub-model. 
 
The thermal storage tank included in the model was thermally stratified, which described the 
behaviour of a thermal energy storage tank including no internal heat exchangers. Therefore, 
heat was supplied or extracted directly. This system design typically creates a temperature 
stratification in the tank. Generally, water is used because of its high specific heat capacity. 
 
Moreover, the thermal storage tank was supplied with hot water from a ground-source heat 
pump and solar thermal collectors. The selected heat pump had a COP of 4.83 with a flow/return 
temperature of 65/15°C [70]. The selected solar thermal collector was a flat plate design with 
an aperture area of 14.83 m2 that corresponded to approximately one third of the total rooftop 
area available on the south facing part of the roof [71].  
 
The selected photovoltaic system covered a total area of 27.16 m2 equivalent to two thirds of 
the available rooftop area in total, facing south [72]. The module efficiency was set to 17.6 %. 
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The PV-inverter indicated how much of the DC power that could be converted to AC power 
and was assumed to have an efficiency of 95 % [73].  
 
For the charging station, the possibility to discharge the electric vehicle has been disabled in 
order to study the total power deficit properly. Therefore, no electrical energy was fed to the 
grid from the electric vehicle. Moreover, the electric vehicle was assumed to charge during 
night time between 22:00 and 05:00. In addition, the electric vehicle was assumed to be driving 
between 07:30 to 08:00 and 17:00 to 17:30. Therefore, the vehicle was standing still between 
08:00 and 17:00. The total distance travelled was assumed to be approximately 32 kilometres 
which is the average distance covered per day in relation to the total distance covered per year 
that amount to 12 000 kilometres for passenger cars [74]. The same average vehicle speed was 
implemented in the model as the average distance covered per day assuming that it takes one 
hour to travel this distance with mixed driving and varying traffic conditions throughout the 
driving cycle.  
 
The battery energy storage system was sized to sufficiently meet the electricity demand on a 
sunny summer day to be charged when the PV supply exceeded the demand and possessed the 
same state of charge in the beginning of the simulation and in the end of the 24 hour period.  
 
The model was used to calculate the energy flows of heat and electricity and the degree of self-
sufficiency for a cold winter day, a sunny summer day and a reference year (2017) with its 
constituent components presented in Figure 26 below. 
 
 

 
Figure 26. A detailed model of a single-family house. 

 
5.5.2 Design – Energy System Model of a Terraced House 
 
The second concept included a less detailed model of a terraced house with the similar energy 
system solution as presented in the first concept. However, in this case, a simplified model of 
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a terraced house was integrated in the system design, reducing the complexity of input data 
required to be defined to run the model. Moreover, a plug-in hybrid electric vehicle was 
included instead as an alternative solution to the first concept. 
 
This model represented an energy system solution that might be more representative compared 
to the first concept since the number of terraced houses were significantly higher than single-
family houses and the integration of a PHEV is a solution that gives greater flexibility to the 
user.  
 
The building was modelled with the assumption that the period of building construction was 
from 2016 as it should represent a terraced house in a new urban district. Moreover, two floors 
were included as a typical case with an average heated living area for terraced houses 
implemented that is 109 m2. In addition, the terraced house was assumed to have neighbouring 
buildings on both sides with a compact layout of the building. The assumed household 
electricity demand was set to 4000 kWh that corresponded to the average electricity 
consumption of a terraced house. The number of persons per 100 m2 was assumed to be four, 
with two adults and two children living in the house. Moreover, the window type was assumed 
to be wooden and double glazed. Finally the modelled building type did not include a basement 
or an attic. 
 
The model was used to calculate the energy flows of heat and electricity and the degree of self-
sufficiency for a cold winter day, a sunny summer day and a reference year (2017) with its 
constituent components presented in Figure 27 below. 
 

 
Figure 27. An energy system model of a terraced house. 
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5.5.3 Design – Energy System on an Urban District-Level 
 
The final concept included an energy system design representing a section of an urban district. 
The system included a solar park consisting of a thermal collector power plant with an area of 
800 m2 and a PV power plant with 200 kW peak power installed. Moreover, a cogeneration 
plant was installed using biomass pellets as the fuel with a peak power of 500 kW. Additionally, 
the system included a peak load boiler of 700 kW to balance large fluctuations in the grid. On 
the demand-side, a total of 67 single-family houses, 197 terraced houses and 120 dwellings 
were included as well as electric vehicles. The share of electric vehicles in the upcoming years 
was assumed to be ten percent for single-family house owners and terraced house owners, while 
only five percent of all dwellings were assumed to have an electric vehicle. Different driving 
cycles were used as vehicle data for the EVs accounted for in the model. The two driving cycles 
used were FTP75 (city driving) and WLTC3 for battery electric vehicles assuming private 
vehicle usage on working days. The thermal energy storage tank was sized to 50 m3 with the 
assumption that the tank needed to be sized to supply the demand-side for approximately three 
hours at maximum load. The peak heat demand of the district was 1.2 MW. 
 
Emphasis was put on heat and power supply modelling with acceptable accuracy and 
performance for a scientific analysis without focus on a specific application example. 
Therefore, the complexity has been reduced. The model was used to calculate the energy flows 
of heat and electricity for a reference year (2017) and the difference in electricity demand for a 
cold winter day when comparing two different solutions (a district heating network or all 
buildings having an individual heat pump installed). 
 
Furthermore, the annual household electricity demand of each building type is listed as follows: 
 

o Dwelling: 2500 kWh 
o Terraced house: 4000 kWh 
o Single-family house: 5000 kWh 

 
The total heat demand for single-family houses and terraced houses was set to 65 kWh/m2.year. 
For dwellings, the total heat demand amount to 63.75 kWh/m2.year. With a specified heated 
floor area for a dwelling, terraced house, and single family house of 58 m2, 136 m2, and 160 
m2, respectively, the total annual heat demand for space heating of each building type amount 
to 3625 kWh, 8840 kWh, and 10 400 kWh, respectively. The constituent components of the 
final concept are presented in Figure 28 below. 
 
 
 



 

 66 

 
Figure 28. The energy system design on an urban district-level. 

 
5.5.4 The Iterative Process in the Modelling Procedure 
 
An iterative process was used in the design of the energy system models for each concept 
conducted in this project. In general, results were evaluated both on a component level, but also 
on a system level. The main reason for evaluating results on a component level was to observe 
possible deviations causing unreasonable results on a system level, e.g. the reason for 
significant temperature drops in the house due to an insufficient design or operation of the 
heating system. 
 
The main objective with simulations conducted on a system-level was to identify the optimal 
configuration required for different components that gives an optimal control strategy. To reach 
this, a large number of simulations were required. Moreover, the simulations needed to be 
performed with as short simulation time as possible. Therefore, the Green City library 
prioritises quick and simple modelling rather than parameter set accuracy [19].   
 
The main challenge was to design the final concept of an energy system representing an urban 
district. Initially, the idea was to create a model that could represent the energy flows found in 
an urban district on a full-scale. The model complexity had to be reduced for the final concept 
because it was not possible to expand the first two concepts using an up-scaled approach to 
represent the large number of houses in an urban district. It was a challenging task to implement 
a performant simulation model representing an urban district in a district heating grid where 
each house is represented by an individual component due to the large quantity. This was 
mainly due to the large number of components required to fully represent such a system design. 
Therefore, the complexity was reduced where aggregated demand curves for space heating, 
domestic water, and electricity were created for each building type to be used in the concept 
model. In addition, the size of the district was reduced to one sixth of its actual size. 
 
Moreover, the transport sector would require a large number of components to be included in 
order to represent a reasonable number of EVs in an urban district. The simulation time was 
highly increased when including components representing a vehicle fleet of a number of 
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vehicles. If these would to be scaled up to a reasonable number of vehicles, the simulation time 
would be significantly higher. The simulation time required could possibly be decreased with 
a more powerful computer, but would most likely still need a long time to run compared to a 
model where the transport sector is excluded. 
 
In addition, one of the more challenging tasks was to understand the operation and behaviour 
of the CHP plant and the peak-power boiler in the final concept model due to the large 
fluctuations in heat output observed during the simulation runs. This created difficulties in 
managing the optimal maximum power output of these components in the concept model. 
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 Results 
 
In this section, the key results will be presented for each of the three concepts described in 
section 5.  
 

6.1 Key Results 
 
The solar radiation describes the share of diffuse and direct radiation provided from the sun on 
a summer day and a winter day. In Figure 29, both diffuse and direct radiation can be provided 
on a summer day while on a winter day it could be observed that the solar radiation provided 
from the sun almost exclusively consisted of diffuse radiation. Solar PV and thermal collectors 
can harness both diffuse and direct radiation.  

 
Figure 29. The solar radiation on a summer and winter day. 

 
6.1.1 Results – Detailed Model of a Single-Family House 
 
Figure 30 illustrates the correlation between the total heating demand, indoor temperature, and 
heating power supplied of the first concept for a winter day and a summer day for the building 
zone. The total heating demand on a winter day amounts to 55 kWh. On a summer day, the total 
heating demand required was 9 kWh. The indoor temperature varied with 0.13 °C on a winter 
day while on a summer day the indoor temperature increased with 0.65 °C during the simulation 
time period of 24 hours. Moreover, the heating power supplied during a winter day varied 
between 1.7 – 3.8 kW during the simulation period. No heating energy was supplied to the 
building zone after 6.5 hours on a summer day and was kept turned off during the remainder of 
the simulation period. 
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Figure 30. The total heating demand (blue), indoor temperature variation (green), and heating power supplied (red) of the 

detailed model of a single-family house for a winter day and a summer day. 

In Figure 31, the total battery charge potential is illustrated where approximately 60 percent of 
the total PV production on a summer day cannot be directly consumed by the constituent 
components in the energy system.  

 
Figure 31. The total battery charge of the generated PV production on a summer day. 

 
The total electricity demand and the electricity demand for each component are presented for a 
hot summer day in Figure 32. The total electricity demand amounts to 52 kWh. Moreover, it 
can be observed that the components with the highest electricity demand were the electricity 
consumption due to internal loads in the household and the electric vehicle. Together, these 
represented 90 % of the total electricity demand. 
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Figure 32. The total electricity demand and the electricity demand for each component on a hot summer day. 

 
The total electricity demand and the electricity demand for each component is presented for a 
cold winter day in Figure 33. The total electricity demand amounts to 77 kWh. Moreover, it 
could be observed that the components with the highest electricity demand were the compressor 
in the heat pump (space heating), the building zone and the electric vehicle. Together, these 
represented 94 % of the total electricity demand. 
 

 

 
Figure 33. The total electricity demand and the electricity demand for each component on a cold winter day. 

 
On a cold winter day, the power demand for each constituent component and the power supply 
from the PV installation are presented in Figure 34. To begin with, the electric vehicle was the 
component that required the highest power demand when being charged. Moreover, it could be 
observed that the heat pump was constantly operating throughout the day. In addition, the peak 
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power demand from the building zone caused by internal loads could be observed during the 
evening. The PV supply amounts to only a small proportion of the total power demand and 
provides electrical energy only for four hours. 
 

 
Figure 34. The total power demand for each component and the PV supply on a cold winter day. 

 
 
On a hot summer day, the power demand for each constituent component and the power supply 
from the PV installation are presented in Figure 35. To begin with, it could be observed that the 
heat pump was operating irregularly and only during night time. The considerable power 
demand was related to charging of the electric vehicle during night time. Moreover, the peak 
power demand could be observed during the evening in the building zone. Finally, the PV 
installation provided electrical energy during 16 hours of the day, with a power peak supply of 
approximately 3 kW at noon.  
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Figure 35. The power demand for each component and the PV supply on a sunny summer day. 

 
In Figure 36, the correlation between the outdoor and indoor temperature is presented for one 
year. Two significant temperature decreases could be observed in the beginning of January 
where the outdoor temperature dropped to -24 °C and -17 °C, respectively. The indoor 
temperature during the winter months were kept relatively constant at approximately 21 °C 
without significant deviations experienced compared to the other seasons. Moreover, during 
spring and fall, the indoor temperature varied between 20 – 21 °C. During summer time, from 
the end of May to the beginning of August (from 4000 – 5800 hours) the indoor temperature 
did not fall below the reference temperature of 21 °C with an average temperature of 23 °C and 
a peak indoor temperature observed in July of approximately 25 °C. Despite the low heating 
supply from the heating system during this period, the indoor temperature was significantly 
higher than the reference temperature of 21 °C. 



 

 73 

 
Figure 36. The outdoor and indoor temperature for one year. 

Figure 37 presents the theoretical battery charge and discharge power for one year. It could be 
observed that the PV supply was not sufficient to cover the demand during winter time, 
requiring energy to be imported from the grid. Moreover, as the PV supply increased the 
potential electrical energy to be charged in the battery increased as well.  

 

Figure 37. The theoretical battery charge and discharge power for one year. 
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6.1.2 Results – Energy System Model of a Terraced House 
 
The total PV supply amounts to 2330 kWh for one year where the total battery charge amounts 
to 29 % of the total PV supply generated and is illustrated in Figure 38. This share corresponded 
to the amount of electrical energy that could not be directly consumed by the system.  

 
Figure 38. The total share of battery charge from the generated PV supply for one year. 

 
In Figure 38, the correlation between the outdoor and indoor temperature is presented for one 
year. The indoor temperature during the winter months were kept relatively constant at 
approximately 21 to 22 °C without significant deviations experienced compared to the other 
seasons. Moreover, during spring and fall, the indoor temperature varied between 20 to 22.5 
°C. During summer time, from the end of May to the end of August (from 4000 – 6200 hours) 
the indoor temperature does not fall below the reference temperature of 21 °C with an average 
temperature of 23 °C and a peak indoor temperature observed in July of approximately 25 °C.  
 

 
Figure 39. The outdoor and indoor temperature for one year. 
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In Figure 40, the power demand for each constituent component of the system is presented as 
well as the PV power supply on a summer day. It could be observed that the heat pump was 
operating only during night time and early morning. Moreover, the compressor in the heat pump 
required the highest power demand together with the PHEV. The PV supply fluctuated during 
its peak hours of power generation, providing electrical energy to the system during 
approximately 18 hours of the day. 

 
Figure 40. The power supply and demand on summer solstice. 

 
In Figure 41, the power demand for each constituent component of the system is presented as 
well as the PV power supply on a winter day. It could be observed that the heat pump was 
operating throughout the day. Moreover, the compressor in the heat pump required the highest 
power demand together with the PHEV. The PV supply was insufficient to provide electrical 
energy to the system throughout the day. 

 
Figure 41. The power demand and supply on a winter day. 
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In Figure 42, the battery power and the total demand are presented on a summer day. The total 
demand represented the electrical energy surplus or deficit for each hour of the day. It could be 
observed that the battery had potential to be charged during the simulation period where excess 
energy was generated by the PV installation. The battery was discharged during night time 
when both the PHEV was charging and the heat pump was operating. 
 

 
Figure 42. The power charge and discharge of the battery and the total demand. 

 
The total electricity demand of the energy system model amounts to approximately 8000 kWh 
for one year. The components that required the considerable amount of electrical energy were 
the building zone, the PHEV and the compressor in the heat pump. The total electricity demand 
and the share of electricity demand of each constituent component are presented in Figure 43 
below. 
 

 
 Figure 43. The total electricity demand and the electricity demand for each constituent component for one year. 
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6.1.3 Results – Energy System on an Urban District-Level 
 
In Figure 44, the difference in power demand for 67 single-family houses is presented. The 
black coloured curve indicated the power demand if all households would have individual heat 
pumps installed compared to a district heating solution indicated by the red coloured curve. 
   

 
Figure 44. The total power demand for a cold winter day with all single-family houses having heat pumps installed 

individually compared to a district heating solution. 

 
In Figure 45, the difference in power demand for 120 dwellings is presented. The black coloured 
curve indicated the power demand if all households would have individual heat pumps installed 
compared to a district heating solution indicated by the red coloured curve.   
 

 

Figure 45. The total power demand for a cold winter day with all dwellings having heat pumps installed individually 
compared to a district heating solution. 
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In Figure 46, the difference in power demand for 197 terraced houses is presented. The black 
coloured curve indicated the power demand if all households would have individual heat pumps 
installed compared to a district heating solution indicated by the red coloured curve. 
 

 

Figure 46. The total power demand for a cold winter day with all terraced houses having heat pumps installed individually 
compared to a district heating solution. 

 
In Figure 47, the difference in total electricity demand for 67 single-family houses is presented. 
The black coloured curve indicated the electricity demand if all households would have 
individual heat pumps installed compared to a district heating solution indicated by the red 
coloured curve. The total electricity demand amounts to 589 MWh with individual heat pumps 
installed and 398 MWh with a district heating solution. 
 

 

Figure 47. Total electricity demand for one year with all single-family houses having heat pumps installed individually 
compared to a district heating solution. 
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In Figure 48, the difference in total electricity demand for 120 dwellings is presented. The black 
coloured curve indicated the electricity demand if all households would have individual heat 
pumps installed compared to a district heating solution indicated by the red coloured curve. The 
total electricity demand amounts to 482 MWh with individual heat pumps installed and 363 
MWh with a district heating solution. 
 

 

Figure 48. Total electricity demand for one year with all dwellings having heat pumps installed individually compared to a 
district heating solution. 

In Figure 49, the difference in total electricity demand for 197 terraced houses is presented. The 
black coloured curve indicated the electricity demand if all households would have individual 
heat pumps installed compared to a district heating solution indicated by the red coloured curve. 
The total electricity demand amounts to 1304 MWh with individual heat pumps installed and 
851 MWh with a district heating solution. 
 

 

Figure 49. Total electricity demand for one year with all terraced houses having heat pumps installed individually compared 
to a district heating solution. 
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In Figure 50, the total electricity demand for each building type is presented on a cold winter 
day. The total electricity demand for all buildings included in the system boundary amount to 
6267 kWh with a district heating solution.  
 

 
Figure 50. Total electricity demand for the different building types on a cold winter day using a district heating solution. 

 

In Figure 51, the total electricity demand for each building type is presented on a cold winter 
day. The total electricity demand for all buildings included in the system boundary amounts to 
10 464 kWh with heat pumps installed individually in all households. 

 

Figure 51. Total electricity demand for the different building types on a cold winter day with heat pumps installed. 

 
In Figure 52, the aggregated power demand of each building type and the PV supply for each 
hour of the year are presented. The PV power supply was insufficient to cover the power 
demand during winter time and therefore needed to be balanced with a cogeneration plant. Its 
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intermittent behaviour and large variations between day and night made it difficult to 
continuously meet the demand even during summer time.  

 

Figure 52. The total power demand and supply from the PV power plant. 

 
The aggregated heat load extracted from the solar thermal tank to cover the demand of each 
building type and the total solar thermal energy supplied to the heat storage tank for each hour 
of the year are presented in Figure 53 below. The solar thermal power supply was not able to 
reach a temperature higher than 55 °C during winter time and therefore needed to be balanced 
with a cogeneration plant. Its intermittent behaviour and large variations between day and night 
made it difficult to continuously meet the demand even during summer time, but these 
variations could be sufficiently balanced with the TES. 
 

 

Figure 53. The total heat demand for each building type and the solar thermal supply for one year. 
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In Figure 54, the total electricity demand for the final concept model is presented for one year. 
A total of 32 EVs have been accounted for in the model, representing 8.3 % of the aggregated 
number of households. The total electricity demand from the transport sector amounts to 95 
MWh per year which was equal to 5.9 % of the aggregated electricity demand from all 
households with a district heating solution. 
 

 
Figure 54. The total electricity demand from each sector with a district heating solution. 

 
In Figure 55, the heat input and output of the thermal energy storage tank can be observed. The 
system configuration of the cogeneration plant was based on a heat controller that adjusted the 
heat output from the plant to balance the demand. The total heat abstracted from the tank was 
2604 MWh and the supplied heat was 2607 MWh.  

 
Figure 55. The heat input/output of the thermal energy storage tank for one year. 

 
In Figure 56, the state of charge is presented for the heat storage tank for one year. The 
average state of charge in the tank was 43.6 %. 
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Figure 56. The state of charge in the thermal energy storage tank for one year. 

 
6.1.4 Summary of Results 
 
Concept 1: 
 

o The total heating demand on a summer and winter day was 9 and 55 kWh, respectively. 
The indoor temperature increased with 0.13 and 0.65 °C, respectively. 
 

o The battery charge potential on a summer day amounts to 60 % of the total PV 
production. 
 

o The total electricity demand on a summer and winter day was 52 and 77 kWh, 
respectively. 
 

o The maximum power demand was observed from charging the EV and the operation of 
the compressor in the heat pump. 
 

o The indoor temperature varied between 20.1 to 24.9 °C throughout the year. 
 

o The simulations indicated that the battery was not able to charge during the coldest 
winter months between the end of October to the beginning of March. 

 
o The final electricity consumption of the building zone caused by internal loads amounts 

to 4653 kWh per year and the total heat demand amounts to 11 153 kWh. 
 

o The total electricity fed into the system from the PV installation was 4083 kWh per 
year, which corresponded to the expected output for a single-family house in the area 
of Uppsala.  
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Concept 2: 
 

o The battery had the ability to charge 29 % of the total electricity supplied to the system 
by the PV installation. 
 

o The indoor temperature varied between 19.9 to 25 °C throughout the year. 
 

o The maximum power demand was observed from charging the PHEV and the operation 
of the compressor in the heat pump. 
 

o The battery was designed to sufficiently cover the energy demand on a summer day. 
 

o The total electricity demand of the model amounts to 8058 kWh per year, with the 
highest contributors being the terraced house, the PHEV and the compressor in the heat 
pump.  

 
o The total heat output from the ground-source heat pump was 6581 kWh per year with 

an electricity demand of 1605 kWh. This resulted in an average COP of 4.1. 
 

o The total heat demand of the terraced house was simulated to 7122 kWh. 
 

 
Concept 3: 
 

o For all single-family houses, the total annual electricity demand amount to 589 MWh 
with individual heat pumps installed and 398 MWh with a district heating solution. 
 

o For all dwellings, the total annual electricity demand amount to 482 MWh with 
individual heat pumps installed and 363 MWh with a district heating solution. 
 

o For all terraced houses, the total annual electricity demand amount to 1304 MWh with 
individual heat pumps installed and 851 MWh with a district heating solution. 
 

o On a cold winter day, the total electricity demand for all buildings amount to 6267 kWh 
with a district heating solution and 10 464 kWh with heat pumps installed individually 
in all households. 

 
o The total electricity demand was 1706 MWh per year, resulting in an average electricity 

demand per household of 4443 kWh. 
 

o The total electricity supplied to the grid from the cogeneration plant was 1200 MWh 
and 155 MWh from the PV plant per year. This resulted in a total electricity deficit of 
436 MWh if accounting for the transformation losses in the grid. 
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o The total annual electricity demand from the transport sector was 95 MWh and was 
equal to 5.9 % of the aggregated electricity demand from the building sector with a 
district heating solution. 
 

o The total heat demand amounts to 2604 MWh and could be sufficiently distributed to 
the final energy end-users due to the installation of the thermal energy storage tank 
balancing the fluctuations throughout the year. 
 

o The simulations showed that approximately 47 % more electricity would be required if 
heat pumps are integrated in each household compared to a district heating solution. 
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 Discussion 
 
In this section, the results of this project will be discussed. Moreover, the strengths and 
weaknesses concerning the different concept models will be highlighted. In addition, a final 
analysis of the chosen modelling tool, general recommendations in energy systems modelling, 
and opportunities, risks, and challenges with the different concepts will be discussed. Finally, 
conclusions from this work and future recommendations will be provided. 
 

7.1 Implications of the Analysis 
 
The method used in this project was based on the approach to design an energy system model 
of an individual building to create a good understanding of the different components available 
and how the system operation is affected by external parameters, e.g. climate conditions. 
Subsequently, the knowledge obtained from this concept was supposed to give the user a good 
understanding of how to design an energy system model for an urban district. However, 
considerable amount of time was dedicated to understand the behaviour of the energy system 
model designed in the first concept. One of the reasons to this was due to the collection of data 
for climate conditions, building dimensions, and specific dimensions of solar thermal collectors 
and PV installations. This information obtained simplified the design of the second concept 
because the similar approach was used. Moreover, other aspects was the time required to 
understand the behaviour of the system in the first concept model. The model consisted of 
multiple components that could affect the overall energy system and to validate if the output 
from these components were reasonable, e.g. solar PV output, total heating demand and 
electricity demand required was also time consuming. The comprehensive design increased the 
possibility to balance fluctuations significantly easier, e.g. by the implementation of the TES 
especially for the first and third concept making it less volatile to external parameters as outdoor 
temperature. The level of detail achieved in the first concept model fulfilled the expectations 
since a high level of detail in the performance and evaluation could be achieved. For the third 
concept, the main difficulty experienced was to find a design that could sufficiently represent 
a full-scale urban district with a high level of detail. 
 
The computer used for this project is a Hewlett Packard EliteBook with an Intel Core i5-8250U 
@ 1.60 GHz and a 64-bit operating system. The computer holds a 16 GB RAM memory. The 
simulation time for a one-year simulation of the different concepts are presented as follows: 
 
Concept 1 – 18 minutes (results enabled for all components) 
 
Concept 2 – 24 minutes (results enabled for all components) 
 
Concept 3 – 36 minutes (results enabled for all components with the transport sector excluded) 
 
The simulation time can be reduced if enabling the presentation of results to only certain 
components. In the final concept, the transport sector was modelled separately due to the high 
simulation time required if included. The total simulation time for the transport sector as an 
individual model is approximately ten hours. The only component enabled when running this 
model was the electricity grid to reduce the simulation time as much as possible. 
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From a technological aspect, the SimulationX tool and the Green City library can be used 
completely independent of other softwares for conducting analyses of energy systems with a 
high level of detail. In order to simplify the pre-processing work required to implement climate 
conditions or user profiles of different households, it is recommended to use Microsoft Excel 
or corresponding tools due to the large amount of data required on an hourly basis for 
simulations performed over one year. The main difficulty observed from a technological point 
of view in the design phase of the different models was found in the final concept of an urban 
district. It was difficult to understand and control the operation of the cogeneration plant due to 
large fluctuations in heat output throughout the simulation run. 
 
In this project, the aim was to find a modelling tool with the ability to calculate the required 
investment costs of different energy system configurations, but currently this is not available in 
the software. From an economic aspect, the SimulationX tool should be able to provide a simple 
approach to calculate running costs of power consumption and electricity grid supply. 
Moreover, the model includes calculations of fundings and charges for cogeneration and 
photovoltaic systems. These aspects have not been tested in this work. 
 
From an environmental aspect, the software is currently not able to estimate CO2 emissions for 
an energy system configuration. Therefore another tool would be required if the goal is to 
consider the environmental aspect with actual results rather than motivating from a holistic 
perspective that the design of the energy system indicates that the CO2 emissions will be low.  
 
The optimal strategy recommended to use in the design of an energy system is to begin with an 
analysis conducted on a building-level. This gives the user a better understanding of the 
constituent components in the simulation tool but also within an energy system used in real-life 
applications. Moreover, the high level of detail that can be achieved on a building-level 
provides necessary insights to the user on sensitive parameters that can affect the final results. 
Therefore, the first concept should be considered as the optimal starting point before expanding 
the energy system to an urban district-level. Moreover, after performing the recommended 
exercises described in section 3.2.2 the build-up of the modelling task can begin. In the design 
of an energy system with a high penetration of renewable energy sources, it is recommended to 
devote time to gather data for the climate conditions of the chosen district at an early stage. 
This will help the user to evaluate results faster with data from an area with a climate that is 
familiar to the user. It will become easier for the user to make proper estimates of e.g. the output 
from the solar PV installation and solar thermal collectors for specific reference days or for a 
complete year. In addition, it enables the user to validate the performance of the modelling tool 
since it becomes easier to obtain a quick first draft of a model and results can therefore be 
evaluated properly. Subsequently, adjustments can be made based on these results. Moreover, 
a recommendation is to use design models for each sector individually at first in order to get 
familiar with the components. Otherwise, it can become difficult for the user to understand how 
the modelling tool is operating if a comprehensive model is established including multiple 
components. 
 
Moreover, the level of detail in the first and second concept for modelling the building zone 
was highly different. The time required to properly define all parameters of the two building 
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zones in the first concept needed approximately one day. For the second concept, the model 
component was finished in approximately one hour. It is important to observe that the design 
of the entire energy system model for each concept is an iterative process based on multiple 
simulation runs. The results are needed to be analysed between the simulation runs to create an 
understanding of how the different components interact with each other and what modifications 
are required to create a functional and reliable model. Considerable amount of time was 
required to create an understanding as a first-time user of how to properly design the different 
concepts in order to make a proper analysis of the key results. This illustrates the difficulty in 
designing an energy system model that considers multiple aspects within the same simulation 
run, e.g. climate conditions, building design, and heating system operation. However, 
significant differences could be observed in the final evaluation of these two concepts from a 
building perspective. To begin with, the number of parameters possible to define in the building 
zones (living area and roof) amounts to approximately 220 in the first concept compared to 18 
for the second concept. This showed the significant difference in design and control between 
the two models. The first concept gave more reliable results since it became easier for the user 
to understand the parameters affecting the final results and the connection between different 
components could be more easily observed. 
 
As an example, in the first concept it was more simple to observe the correlations between 
indoor and outdoor temperature. Furthermore, the power output from the heating system 
followed a more understandable development that could be directly associated with the 
fluctuations observed in outdoor temperature, affecting the temperature in the building zone. In 
the second concept, it was not as obvious to find these correlations and it became more difficult 
to track the indoor fluctuations experienced because of the lower number of parameters defined 
for example. As an example, it was observed that the temperature decrease in the terraced house 
decreased with only 1 °C after 48 hours with no heat supplied from the heating system with an 
outdoor temperature of 6.6 °C. As a result, it became difficult to understand the potential errors 
in the energy system model that causes this behaviour. Therefore, based on this study it is 
recommended to use the approach described in the first concept to make a proper analysis of 
the energy system on a building-level. 
 
Currently, there is no modelling tool available within energy engineering that is able to capture 
both the holistic approach and the level of detail as requested in this project. Therefore, an 
iterative process needs to be used where possibly two different tools can be used to capture the 
holistic approach as well. 
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7.2 Strengths and Weaknesses of the Models 
 
In the following section, the strengths and weaknesses of the different models will be presented 
with some key results. 
 
Concept 1 
 

o A high level of detail could be achieved in the performance of the different components, 
e.g: 

 
- specific behaviour patterns could be modelled for the use of the EV and charging station 
- detailed specifications of a building could be considered, and 
- flexibility in implementing different types of heat pumps or PV installations was offered 

 
o It was easy to vary the input parameters between the simulation runs. 

 
o The building zones included multiple parameters and a high level of detail, targeting 

specific areas that might affect the total energy consumption, e.g. electricity and heat.  
 

o The model predicted a total electricity demand within the lower part of the interval for 
a single-family house, while the heat demand was slightly higher compared to an 
energy-efficient household. As an example, the final electricity consumption of the 
building zone caused by internal loads amounts to 4653 kWh per year and the total heat 
demand amounts to 11 153 kWh. The reference values were set to 4000 and 9750 kWh, 
respectively, for a single-family house with the size of 150 m2. 

 
o The heating system was modelled externally and gave the user a high control in 

parameter definition and created useful understanding in how it should be designed to 
keep the indoor temperature to at least 21 °C throughout the simulation.  

 
o The total electricity fed into the system from the PV installation was 4083 kWh per 

year, which corresponded to the expected output for a single-family house in the area 
of Uppsala.  

 
Concept 2 
 

o The building model of the terraced house gave the user limited control to make a 
detailed analysis of the zone. Therefore, this analysis could be useful to estimate the 
annual heat demand of the building zone if the purpose is not to make a detailed analysis 
on an hourly basis.  
 

o The energy system model design created difficulties for the user to find an explanation 
to the slow decrease in indoor temperature observed while the outdoor temperature was 
low and no heating was supplied to the house. 
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o The total heat demand of the terraced house was simulated to 7122 kWh. The expected 
heat demand was calculated externally to 7085 kWh based on an average heat demand 
of 65 kWh/m2.year, and therefore the simulation showed promising results.  

 
Concept 3 

 
o A rough estimate of the heat losses in pipes was calculated to approximately ten percent. 

However, the specific heat losses expected in pipes could reach higher accuracy if 
accounting for insulation in pipeline, pipe diameter, and pipe length which can be 
specified in the model. 
 

o The irregular operation of the cogeneration plant created difficulties for the user to 
create an understanding of the behaviour of the system. 
 

o The components have not been optimised individually, which could lead to potential 
oversizing of the cogeneration plant and the peak-power boiler. Emphasis in this project 
has been put on analysing energy flows without specific regards to optimisation. 
Specific transformation losses and heat losses can be estimated with higher level of 
accuracy if requested. The model served as a scientific analysis without focus on a 
specific application example. 
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7.3 Opportunities, Risks & Challenges 

 
In this section, the opportunities, risks, and challenges are presented for the different concepts 
in Table 10: 
 
 

Table 10. Opportunities, risks, and challenges with the different concept models. 

  
Detailed Model of a 
Single-Family House 

 

 
Energy System Model 
of a Terraced House 

 
Energy System on an 
Urban District-Level 

 
 
Opportunities 

 
Energy conservation 
Further climate-smart 

research 
High renewable 

penetration 
 

 
Self-sufficiency 
High renewable 

penetration 
 

 
Secure energy supply 
A forerunner towards 

sustainability and green 
growth 

  
 
Risks 

 
Dependency on subsidies 

Low control of own 
solutions in the 

construction phase 
 

 
Different types of 

construction companies 
Dependency on subsidies 

 

 
The mindset of people 

  
 
Challenges 

 
Great dedication and 

own initiative required 
Intermittent renewable 

energy 
Higher energy efficiency 

required 
 

 
Higher energy efficiency 

required 
Changing lifestyles and 

values 
 

 
Energy is not an isolated 

concern 
Cooperation between 
multiple construction 

companies 
 

 
 

7.4 Conclusions 
  
In this section, conclusions drawn based on the discussion of the results will be presented. 
 
The SimulationX tool 
 

- The modelling tool is highly recommended to universities due to the availability of 
predefined parameters of all components and user profiles of space heating, domestic 
water, and electricity as well as presence profiles for different types of buildings (both 
residential and commercial) and since it gives a good understanding about the design 
and function of the vital constitutes of an energy system.  
 

- From an educational point of view, the modelling tool can be highly useful for first-time 
users of a simulation tool and students with limited experience in energy engineering. 
This is mainly due to the use of drag-and-drop components available for the design of 
different energy system configurations and the wide range of components available. 
 



 

 92 

- The design of the modelling tool allows the user to focus on the design of energy 
systems rather than engaging considerable amount of time in collecting data since all 
parameters are predefined. This enables the user to run simulations and analyse results 
quickly even in cases of missing data. 
 

- The operation of the modelling tool is easy to understand and manage on a building-
level, but more difficult to comprehend and analyse on an urban district-level. 
 

- The modelling tool is preferably used if the objective is to perform a detailed analysis 
of an energy system from a technological perspective. However, another modelling tool 
would be a more appropriate choice if the level of detail can be reduced and if emphasis 
is put on calculating investment costs or estimating CO2 emissions (e.g. EnergyPlan). 
 

- The Green City library enables the user to analyse multiple types of energy systems 
solutions by offering a wide range of components both for simulations on a building-
level and on an urban district-level. The library is recommended to first-time users in 
energy system modelling without specific focus on optimisation of individual 
components. 

 
Concept 1 
 

- The approach used in this concept is highly recommended for a detailed analysis of a 
single-family house. 
 

- The high number of parameters required to be defined for the building zones was 
compensated with a high control in the analysis of the model. 
 

- The electric vehicle significantly affected the power demand and total electricity 
demand of the complete system.  

 
- The analysis showed that it was possible to become self-sufficient on sunny summer 

days with sufficient PV production and a correctly sized battery storage to charge the 
electricity surplus generated and to balance fluctuations throughout the day. 
 

- It was not possible to go off-grid due to insufficient PV production and high electricity 
demand on cold winter days. 
 

- The electricity demand can be reduced by 33 % on sunny summer days compared to 
cold winter days, mainly due to a large temperature difference causing a significant 
difference in heat pump operation time. 

 
Concept 2 
 

- The concept model provided the user with a sufficient number of details to analyse the 
effect from different components on the overall energy system (e.g. the electricity 
consumption for each component).  
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- The simplifications made for modelling the terraced house did not provide the user with 

enough details to sufficiently describe surrounding factors that could affect the indoor 
temperature. 
 

- Although simplified but the final heating demand (7122 kWh per year) calculated by 
the model was in line with the expectations for a modern new built terraced house (7085 
kWh/year). 

 
Concept 3 
 

- The simulations showed that approximately 47 % more electricity would be required if 
heat pumps are integrated in each household compared to a district heating solution. 
 

- The limited area in an urban district created difficulties in expanding solar photovoltaics 
and solar thermal collector production. 
 

- The concept model can be considered as a “first-approach” to an urban-district analysis. 
More details included would increase the possibility to analyse temperature levels and 
specific heat losses in pipes. 

 
General conclusions 
 

- Currently, there is no modelling tool available within energy engineering that is able to 
capture both the holistic approach and the level of detail as requested in this project. 
Therefore, an iterative process needs to be used where possibly two different tools are 
used to capture the holistic approach as well.  
 

- Considerably more information can be obtained concerning the working principle 
behind the modelling tool by evaluating it through own use. This indicates that an 
optimal evaluation would be based on the possibility to try the different models through 
own use. However, due to time restrictions this was not possible and a part of the 
purpose was to evaluate if a review of key parameters is sufficient to provide future 
users with relevant details about different modelling tools within energy engineering. 
 

- The purpose of this project was mainly to focus on the technological aspect of the energy 
system, therefore the chosen modelling tool can be considered as the most suitable 
choice as all energy consuming/producing elements in a geographical area representing 
a city district can be included. This covered the first two research questions of this 
project. 
 

- Finally, this project has sufficiently described the magnitude of energy flows between 
different system components and also on an aggregated level by implementing climate 
conditions and evaluating results on an hourly basis. This covered the final research 
question.  
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7.5 Future Work 
 
For future work, it could be more beneficial to focus on increasing the energy efficiency in 
currently existing buildings instead. Emphasis can therefore be put on old buildings expected 
to be refurbished, with a strong focus on energy efficiency. Specific parameters of the building 
envelope can be targeted.   
 
The energy consumption profiles on an urban district-level are modelled to be the same for each 
building type for every hour of the year when aggregating the total consumption for e.g. all 
single-family houses of the simulated year. Therefore, significant peaks can be observed on the 
demand-side for electricity and heat consumption during specific hours of the year. In future 
projects, if the purpose is to evaluate the heat and electricity demand compared to the energy 
supply on specific hours of the year it is recommended to offset user profiles that represent 
more realistic demand curves with normal distribution for space heating, domestic water, and 
electricity.  
 
In addition, an economic analysis can be conducted to calculate the investment costs required 
for different energy system designs. This will help future decision-making processes in 
evaluating the feasibility of an energy system and possibly what components that significantly 
might affect the total investment costs. Moreover, the analysis can be used as support to 
complement the technological analysis conducted in this project.  
 
Finally, it is essential to expand the technical knowledge of a modelling tool that allows the 
user to implement more realistic inputs that can provide safer outputs through e.g. optimisation 
of individual components. 
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 Appendices 
 

9.1 Appendix A 
 
The tools included in Appendix A are: 
 

4see ficus PHPP 
ACM GCAM Plan4DE / Plan4Heat 

AEOLIUS GEM-E3 PLEXOS 
AURORAxmp GENESYS POLES 
BALMOREL GridLAB-D Polysun 

BCHP Screening TOOL GTMax PowerGAMA 
BITES Tool H2RES PRIMES 

BoFiT Optimization HOMER ProdRisk 
Calliope HYDROGEMS PyPSA 
CASPOC HYPERSIM RAMSES 
CityGML IDA ICE RAPSim 
CitySim IDSM ReEDS 

COMPETES IES-VE for Engineers REFlex 
COMPOSE iHOGA ReMIND 
COMSOL IKARUS REMix 

CYME IMAKUS Renpass 
DER-CAM INFORSE REopt 

DesignBuilder INVERT/EE-Lab REopt Lite Web Tool 
DESSTinEE IPSA Power RETScreen 

DIETER IRiE RPM 
DIgSILENT/ PowerFactory LEAP SAM 

DOE-2 Invert SIMPOW 
EdgeSim LIBEMOD SimREN 
EMCAS LIMES-EU Simscape Electrical 

EMLab – Generation LOADMATCH SimulationX 
EMMA LUSYM  Sir3S (Kanew) 

EMPIRE MARKAL/TIMES SIREN 
EMPS Mesap PlaNet SIVAEL 

EnergyPlan MESSAGE SNOW 
EnergyPlus MiniCAM stELMOD 
energyPRO MODEST STREAM 

Enertile NEMO SWITCH 
ENPEP-BALANCE NEMS TEMOA 

ENTIGRIS NetSim Trane TRACE 
eQUEST oemof TRNSYS 

ESP-r ONSSET UniSyD3.0 
ETAP OpenDSS urbs 
ETEM OpenModelica Vesta 

ETM: Energy Transition Model OpenStudio WASP 
ETM: EUROfusion TIMES Model ORCED WEM 

ETSAP-TIAM OSeMOSYS WeSIM 
EUCAD PATHWAYS Model WILMAR Planning Tool 

EUPower-Dispatch PERSEUS WITCH 
   
NOTE: The tools that have been further reviewed are written in purple and can be found 
in Appendix B. 
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Modelling 

Tool 
Prerequisites 

 
Scale 

  
Application 

 
Presentation 

 
Usability 

 
Availability 

 
System 
Level 

 
Temporal 
Resolution 

 
Additional Information 

 
 

4see 
[75] 

  
National 
energy-

system tool 

 
o Energy systems 
o Electricity market 
o Heating 
o Transport 

 

 
 

Not available 

 
 

Limited 

 
 

Development 
stage 

 
 

Scenario-
based 

 
 

Monthly basis 
(maximum: 20 

years) 

 
The tool is not widely used because it is still 

in the development stage. 
 

It is a top-down scenario model. 

 
 
 
 
 
 

ACM 
[76] 

  
 
 
 
 

Regional 
techno-

economic 
tool 

 
 
 
 
 
o Energy efficiency 
o Distributed generation 
o Storage 
o Demand response 

 
 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 
 

Economic 
sector 

 
 
 
 
 
 

No 
information 

available 

 
 
 
 
 
 

System-
level 

simulation 

 
 
 
 
 
 
 

Hourly basis 

 
The tool provides time-specific cost 

estimates, provides a long-term forecast, and 
is used for calculating avoided costs based on 

several different components: 
 

o Energy 
o Generation capacity 
o Transmission capacity 
o Distribution capacity 
o Transmission & Distribution losses 
o Environmental savings (pollutant 

emissions, water, greenhouse gas 
emissions) 

 
Full-name: 

Avoided Cost Model 
 

 
 
 

AEOLIUS 
[77] 

  
 

National 
energy-

system tool 

 
o Renewable energy 

penetration 
o Energy efficiency 
o Conventional generation 
o Electricity market 
o Storage 
o Prices/Costs 

 

 
 

Graphs 
Tables 

 

 
 
Electricity 

 
 
Not sold to 
external users 

 
 
System 
level 
simulation 

 
 
15-minute time-
steps 
(maximum: one 
year) 

 
 

The tool lacks the ability to simulate the heat 
or transport sectors of an energy system. 

 

 
 

AURORAx
mp 

[78]–[80] 

  
Local 

community 
or single 
project 
energy-

 
o Electricity 
o Heat 
o Conventional generation 
o Renewable energy 

technologies 

 
 

Graphs 
Tables 

 
 
All stages 

 
 
Commercial 
source 

 
 
Scenario-
based 
 

 
 
Dynamic 
(hourly basis) 

 
 

AURORAxmp is a stand-alone modelling 
tool, providing an electric market dispatch 
analysis. 
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system tool 
to global 
energy-

system tool 

o Investment costs 
o Operation & Maintenance 

costs 
o Fuels costs 
o Emissions 
 

 
 
 
 
 
 
 

BALMORE
L 

[81]–[83] 

 
 
 
 
 
 
 

One week of 
training is 
required 

 
 
 
 
 
 
 

Global and 
Internationa

l energy-
system tool 

 
o Electricity market 
o Industry/Production 
o Heat (district heating) 

capacities 
o Fuel efficiencies 
o Investment costs 
o Operation & Maintenance  

costs  
o Fuel prices 
o Taxes 
o Balancing costs 
o Hydropower 
o Run-of-river 
o Solar power 
o Wind power 
o Solar thermal 
o Wave power 
o Energy storage 
o Emissions 
 

 
 
 
 
 
 
 

Text files 
 
 

 
 
 
 
 

Electricity 
Heat 

(district 
heating) 
Industry 

Transport 

 
 
 
 
 
 
 

Open source 

 
 
 
 
 

Partial 
equilibrium 

model 
(balance 
between 

supply and 
demand) 

 

 
 
 
 
 
 
 

Dynamic 
(segments 

within a year 
can be created 
down to hours) 

 

 
 
 
 
 

GAMS license is needed to run the model. 
 

The tool can be used for analysing electricity 
supply, flexible electricity demand, wind 

power development, hydrogen technologies, 
natural gas, electricity markets and 

transmission, electric vehicles and emission 
trading in the energy system. 

 
 

BCHP 
Screening 

TOOL 
[84] 

 
 

One to two 
weeks of 
training is 
required 

 
Local 

community 
or single 
project 
energy-

system tool 

 
o Industry/Production 
o Heating 
o Cooling 
o Commercial buildings 
o Prices/Costs 

 
Text files 
Graphs 
Tables 

Limited 
(only 

smaller 
sections of 

the 
electricity, 

heat or 
transport 

sectors are 
included) 

 
 

Open source 

 
 

Scenario-
based 

 
 

Hourly basis 

 
The life-cycle economic parameters and the 

utility rate schedules have not been kept 
updated and could be out of date. 

 
The simulation program DOE-2.1e is 

integrated. 
 

 
 

BITES Tool 
[85]–[87] 

  
 

National 
energy-

system tool 

 
o Energy supply/demand 
o Prices/Costs 
o Emissions 
o Industry/Production 
o Transportation 

 
 
 

Graphs 
Tables 

 

 
 
 

Limited 

 
 
 

System-level 
simulation 

 
 
 

Scenario-
based 

 
 
 

Not available 

 
 

The tool is not able to estimate scenario costs, 
savings, or the effect on commodity prices. 
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o Buildings 
o Renewable energy 

technologies 
o Conventional generation 
o Carbon capture storage 
 

The tool is calibrated to the U.S. Moreover, 
the software is in BETA and therefore still 

being developed. 
 

 
BoFiT 

Optimizatio
n 

[88], [89] 

  
Production 
planning 

tool 

 
o Energy systems 
o District heating 
o Industry/Production 
o Optimisation 
o Fuel costs 

 

 
 

Reports 
 

 
 

Industry 
sector 

 
 
Upon request 

 
 

Scenario-
based 

 
 

Dynamic 
(hourly basis) 

 
 
BoFiT Optimization is suitable for optimising 
long-term planning processes, specifically 
within the production sector. 
 

 
 
 
 

 
Calliope 

[79], [90], 
[91] 

  
 
 
 

Regional 
project 
energy-

system tool 
to global 
energy-

system tool 

 
o Electricity 
o Heat 
o Hydrogen 
o Fuels 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuels costs 
o Emissions 

 

 
 
 
 

Graphs 
Tables 
Charts 
Flows 

 
 
 
 
 

All stages 

 
 
 
 
 

Open source 

 
 
 
 
 

Scenario-
based 

 
 
 
 
 

User-defined 
(maximum: 

user-defined) 

 
 
 
 
 

The tool can run with Python. It does not 
offer the possibility to perform a power flow 

analysis. 
 

 
 
 
 

 
CASPOC 
[79], [92] 

  
 

Single-
system to 

local 
simulation 

tool 

 
o Electricity 
o Conventional generation 
o Renewable energy 

technologies 
o Solar power 
o Wind power 
o Electric vehicles 
o Battery energy storage 
o Power systems 
 

 
 
 

Complete 
model 
Graphs 

 
 
 

Limited 

 
 
 

Commercial 
source (Free 
demo version 

available) 

 
 
 

System 
level 

simulation 

 
 
 

User-defined 
(maximum: one 

year) 

 
CASPOC is used for modelling and 

simulating physical systems. It offers virtual 
prototyping of applications in analogue or 

power electronics and electric power 
generation, conversion or distribution. 

 
 

No emissions or costs are included. The tool 
can interface with FEM programs, for 

example ANSYS. 
 

 
 

CityGML 

  
 
 

 
o Building energy analysis 
o 3D geometry 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
The software provides a standard model and 
mechanism for describing 3D objects with 
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[93] 
 

 
 

Global 
information 

model 

o Urban and landscape 
planning 

o Environmental simulations 
o Disaster management 

 
Virtual 3D 
model 

 
 

All stages 
for its 

purpose 

 
 

Open source 

 
System 
level 

simulation 

 
 

Not available 

respect to their geometry, semantics, topology 
and appearance. It is highly scalable and 
modelling can be performed on individual 
buildings, districts, sites, cities, regions and 
countries. 
 

Full-name: 
City Geography Markup Language 

 
 

 
 
 

CitySim 
[94]–[97] 

 Primarily 
local 

community 
or single 
project 
energy-

system tool 
/ Urban 
district 

 
o Building energy analysis 
o Emissions 
o Renewable energy 

penetration 
o HVAC systems 
o Energy supply/demand 

 
 
 
 

Flows 
Graphs 

 
 
 
 

All stages 

 
 
 
 

Open source 

 
 
 
 

Scenario-
based 

 
 
 
 

Dynamic 
(hourly basis) 

 
CitySim has the capability of modelling both 
small scale districts and large scale systems. 
Still, its application to large scale scenes has 

been hindered as a result of the time costs 
involved in creating the 

initial scenes. Moreover, these scenes have to 
modified to test numerous scenarios. 

 
 
 
 
 
 
 
 

COMPETE
S 

[79] 

  
 
 
 

National 
(Europe) 
electricity 

market tool 

 
o Electricity 
o Conventional generation 
o Hydropower 
o Run-of-river 
o Wind power 
o Geothermal 
o Pumped hydro storage 
o Compressed air energy 

storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuels cost 
o Balancing costs 
o Taxes 
o Emissions 
 

 
 
 
 
 
 

Tables 
Graphs 

 
 
 
 
 
 

Electricity 
sector 

 
 
 
 
 
 

Not sold to 
external users 

 
 
 
 
 
 

System-
level 

simulation 

 
 
 
 
 
 

Hourly basis 
(maximum: 

user-defined) 

 
 
 
 
 
 

Full-name: 
COmprehensive Market Power in Electricity 

Transmission and Energy Simulator 
 

 
 
 

COMPOSE 
[79], [98], 

[99] 

 
 
 
 
 

 
 
 
 
 

 
 
 

o Energy systems 
o Transport 
o Conventional generation 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
The model focuses particularly on 

cogeneration with an electric boiler or 
compression heat-pump. 

 
Uses Monte Carlo risk assessments. 



 

 118 

Three days of 
training is 
required. 

Local 
community 

or single 
project 
energy-

system tool 

o Thermal technologies 
o Emissions 
o Sustainable energy 

penetration 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
o Balancing costs 

Complete 
model 
Graphs 
Tables 

Building, 
transport & 

industry 
sector 

Open source Scenario-
based 

Hourly basis 
(user-defined 

number of 
years) 

 

 
Import/Export of hourly distributions from 

EnergyPLAN can be obtained. 
 

Full-name: 
Compare Options for Sustainable Energy 

 
 
 
 

 
 
 
 

COMSOL 
[100], [101] 

 
To use this 
model, it is 

not required to 
have an in-

depth 
knowledge of 
mathematics 
or numerical 

analysis. 
 

 
 

Single-
system 

modelling 
tool 

 
o Structural mechanics 
o Fluid flow 
o Electromagnetics 
o Acoustics 
o Chemical engineering 
o Heat transfer 
o Multiphysics 
o Equation-based modelling  

 
 
 

Complete 
model 
Graphs 

 
 
 

All stages 

 
 
 

Commercial 
source 

 

 
 
 

System 
level 

simulation 

 
 
 

Dynamic (down 
to seconds) / 
Stationary 

 
Import of all standard CAD and ECAD files 

can be made into the model. 
 

COMSOL Multiphysics can be accessed as a 
standalone product or by script programming 

in Java or in MATLAB. 
 

 
 

CYME 
[79], [102] 

  
Single-

system to 
regional 

 
o Conventional generation 
o Solar power 
o Wind power 
o Battery energy storage 

 

 
Graphs 
Charts 
Tables 

2D & 3D 
plots 

 
All stages 

 
Commercial 

source 

 
System 
level 

simulation 

 
Dynamic (from 
milliseconds), 
(maximum: 

user-defined) 

 
The tool offers a steady state analysis with 

load profiles. No emissions or costs are 
included. 

 
 
 
 
 
 

DER-CAM 
[79], [103] 

  
 
 
 
 

Single-
project to 
regional 

 
o Electricity 
o Heat 
o Conventional generation 

(except nuclear) 
o Renewable energy 

technologies 
o Energy storage 
o Emissions 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuels costs 
o Taxes 
 

 
 
 
 
 

Graphs 
Charts 
Tables 

 
 
 
 
 

All stages 

 
 
 
 
 

Open source 

 
 
 
 

System 
level 

simulation 

 
 
 
 

From minutes to 
hourly basis 

(maximum: 20 
years) 

 

 
DER-CAM is a comprehensive decision 

support tool that finds the optimal distributed 
energy resource (DER) investments, 

primarily suitable for buildings or multi-
energy microgrids. 

 
 

Full-name: 
Distributed Energy Resources Customer 

Adoption Model 
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DesignBuild
er 

[104], [105] 
 

 
 
 
 
 
 
 
 
 

One day of 
training is 
required. 

 
 
 
 
 
 
 
 
 

Local 
community 

or single 
project 
energy-

system tool 

 
 
 
 
 
 
 
 

 
o Building energy analysis 
o Lighting 
o HVAC systems 
o Building geometry and 

thermal performance 

 
 
 
 

 
 
 
 
 

Complete 
model 

 
 
 
 
 
 
 
 
 

Building 
sector 

 
 
 
 
 
 
 
 
 

Commercial 
source 

 
 
 
 
 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 
 
 
 
 

Dynamic (daily 
basis and/or 

annual) 

 
 
 

The tool is typically used for evaluating 
facade options, daylighting analysis, 

visualization of site layouts and solar shading, 
thermal simulation of natural ventilation, and 

sizing of HVAC equipment and systems. 
 

The new version (v5.5) offers a number of 
new features, such as: 

 
o Building integrated photovoltaic (BIPV) 

generation walls, roofs and glazed surfaces 
o Thermal comfort reports 
o Radiant surface heating/cooling 
o New HVAC systems 
o New cost modelling tools 

 
Many more new features can be found at 
[104]. 

 
 
 
 
 
 

DESSTinEE 
[79], [106] 

  
 
 
 

National 
energy-

system tool 

 
o Energy supply/demand 
o Conventional generation 
o Renewable energy 

penetration 
o Solar energy 
o Wind energy 
o Pumped hydro storage 
o Emissions 
o Fuel mixes 
o Investments costs 
o Operation & Maintenance 

costs 
o Fuel costs 
 

 
 
 
 

Graphs 
Tables 

 
 
 
 

Building 
Transport 
Industry 
sector 

 
 
 
 

Open source 

 
 
 

Scenario-
based 

(calculates 
a set of 

answers for 
the given set 

of 
assumptions

) 

 
 
 

Dynamic 
(hourly basis for 

electricity 
demand, energy 
demands on an 
annual basis) 

 
 
 

The model is used as a set of standalone 
Excel spreadsheets. 

 
Full-name: 

Demand for Energy Services, Supply and 
Transmission in Europe 

 
 

 
 
 

DIETER 
[79], [107] 

  
 
 

Calibrated 
to Germany 

 
o Electricity 
o Conventional generation 

(except nuclear and 
lignite) 

o Wind power 

 
 
 

Tables 
Graphs 

 
 
 

Limited 

 
 
 

Open source 

 
 

System 
level 

simulation 

 
 

Hourly basis 
(maximum: one 

year) 

 
No emissions are included. 

 
Full-name: 

Dispatch and Investment Evaluation Tool 
with Endogenous Renewables 
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o Solar power 
o Battery storage 
o Hydrogen storage 
o Pumped hydro storage 
o Compressed air energy 

storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
 

 

 
 
 

DIgSILENT 
/ 

PowerFacto
ry 

[79], [108] 
 

  
 
 
 

Power 
electricity 
systems 

 
o Renewable energy 

technologies 
o Energy storage 
o Conventional generation 
o Grid integration of 

renewable energies 
o Wind power 
o Industry/Production 
o Large interconnected 

power systems 
 

 
 
 
 

Graphs 

 
 
 
 

Limited 

 
 
 
 

Commercial 
source 

 
 
 

System 
level 

simulation 

 
 
 
 

Hourly basis 

 
 
 

No emissions or costs are included. 
 

Full-name: 
DIgital SImuLation of Electrical NeTworks - 

Power Factory 
 

 
 
 

DOE-2 
[109], [110] 

 
 

Requires 
substantial 

experience to 
learn to use 
effectively 

 

 
 
 

Building 
energy 

analysis tool 

 
o Building energy analysis 
o HVAC systems 
o Lighting 
o Conditioning systems 
o Costs/Prices 

 
 

Tables 
Graphs 

 
 

Building 
sector 

 
 

Open source 

 
 

System 
level 

simulation 

 
 

Hourly basis 

 
DOE-2 is a building energy analysis tool, 

used to analyse the energy use, energy cost, 
and heating and cooling loads for 120 

commercial and 144 residential prototypes. 
The tool is able to model the heating, cooling 

and electricity demand for these buildings. 
 

The tool can be integrated with eQUEST. 
 

 
 

EdgeSim 
[111]–[114] 

  
 

National 
energy-

system tool 

 
o Electricity market 

modelling 
o Optimise power plants 

(design and operation) 
o Industry/Production  

 
 

Graphs 
Tables 

 
 

All stages 

 
 

Open source 

 
 

Scenario-
based 

 
 
 
 
 

 
 

Hourly basis 

 
The tool can be integrated with MATLAB. 

 
The tool can read market data for each region 

(demand and weather conditions). 
 

The tool considers technologies such as solar 
power, thermal power, wind power and 

hydropower. 
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EMCAS 
[115] 

 
Two to three 
weeks of 
training is 
required 
(three weeks 
to include 
advanced 
features). 
 

 
 
 

National 
energy-

system tool 

 
 

o Electricity market 
o Electric-vehicle generation 
o Storage 

 
 

Graphs 
Tables 

 
 

Electricity 
Partly the 
transport 

sector 

 
 

Different 
licensing 
options 

available 

 
 

System 
level 

simulation 

 
 

Hourly basis 

 
It does not simulate the heat sector. 

 
Full-name: 

Electricity Market Complex Adaptive System 
 

 
 

EMLab – 
Generation 
[79], [116] 

 

  
 

Global to 
national 

electricity 
system tool 

 
o Electricity market 
o Conventional generation 
o Wind power 
o Solar power 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuels costs 
o Emissions 
 

 
 

Graphs 
Charts 
Tables 

 
 

Electricity 
sector 

 
 

Open source 

 
 

Scenario-
based 

 
 

Annual 
(maximum: 

2050) 

 
EMLab-Generation can be described as an 
agent-based model of two interconnected 
electricity markets. It could either be two 
countries, as for example two European 

countries or two different groups of countries. 
The link between the two countries is the 

interconnector. 
 

Full-name: 
Energy Modelling Laboratory - Generation 

 
 
 
 
 
 
 
 
 
 
 
 

EMMA 
[79], [117], 

[118] 

 
 
 

 
 
 
 
 
 
 

Training 
seminars 

available at 
[118] 

 
 
 
 
 
 
 
 
 
 

National 
(North-
western 
Europe: 

Germany, 
Belgium, 

Poland, The 
Netherlands, 
and France) 

 

 
 

 
 

o Electricity 
o Heat 
o Conventional generation 
o Combined heat and power 

generation 
o Wind power 
o Solar power 
o Hydropower 
o Run-of-river 
o Pumped hydro storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuels costs 
 

 
 
 
 
 
 
 
 
 
 

Graphs 
Charts 
Tables 

 
 
 
 
 
 
 
 
 
 

Electricity  
sector 

 
 
 
 
 
 
 
 
 
 

Open source 

 
 
 
 
 
 
 
 
 
 

Partial 
equilibrium 

model 

 
 
 
 
 
 
 
 
 
 

Hourly basis 
(maximum: 

long run 
economic 

equilibrium) 

EMMA is a numerical dispatch, techno-
economic power market and investment 

model. 
 

From an economic point of view, it can be 
defined as a partial equilibrium model of the 

wholesale electricity 
market. The model finds the optimal or 

equilibrium yearly generation, transmission 
and storage capacity. Moreover, it provides 
hourly generation and trade hourly market-

clearing prices for each market area. 
 

EMMA can simulate estimations of the short, 
mid, or long-term equilibrium. However, the 
transition path towards the equilibrium or 
out-of-equilibrium situations are considered. 
 
Input data needed available is: 
o Electricity demand 
o Heat demand 
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o Wind and solar profiles are specified for 
each hour and region 

 
The model has served as a basis for 

consulting and research projects for policy 
assessment, price forecasts and optimal 

capacity expansion. The model is 
implemented in GAMS. No emissions are 

included in the model. 
 

Full-name: 
The European Electricity Market Model 

 
 
 

 
 
 
 

EMPIRE 
[79], [119] 

  
 

National 
(Europe) 

power 
system tool 

 
o Electricity 
o Conventional generation 

(except nuclear) 
o Renewable energy 

technologies (expect tidal 
power) 

o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuels costs 
o Emissions 

 

 
 
 
 

Graphs 
Tables 
Charts 

 
 
 
 

Electricity 
sector 

 
 
 
 

No 
information 

available 

 
 
 
 

Scenario-
based 

 
 
 
 

User-defined 
time-slices per 

year (maximum: 
50 years) 

 
EMPIRE is a stochastic power system 

investment model, with short-term and long-
term system dynamics. The model optimises 
investments with operational uncertainty and 

deals with the challenges associated to 
intermittent energy production. 

 
Full-name: 

European Model for Power system 
Investment with Renewable Energy 

 

 
 
 

EMPS 
[120] 

 

 
 
 
One month of 
training is 
required. 

 
 
 

Global and 
Internationa

l energy-
system tool 

 
o Electricity sector 
o Conventional generation 
o Renewable technologies 
o Pumped hydro storage 
o Emissions 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuels costs 
o Balancing costs 

 
 
 

Graphs 
Tables 

 
 
 

Electricity 
sector 

 
 
 

Commercial 
source 

 
 
 

Scenario-
based 

 
 
 

Weekly basis 
(maximum: 25 

years) 

 
The model results include: 
 
o Detailed generation plans 
o Fuel costs 
o Consumption 
o Marginal costs (spot prices) 
o Marginal values of increased 

interconnection capacities 
 
Only the electricity sector is simulated. 

 
Full-name: 

EFI's Multi-Area Powermarket Simulator 
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EnergyPlan 
[79], [121]–

[123] 

 
 
 
 
 
 
Training time 
is from a few 
days to a 
month (highly 
dependent on 
the level 
required). 

 
 
 
 
 
 
 
 

National 
energy-

system tool 

 
o Energy systems 
o Industry/Production 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Transport & E-transport 
o Heating 
o Emissions 
o Electricity market 
o Fuel consumption 
o District heating 
o Investment costs 
o Operation & Maintenance 

costs 
o Taxes 
o Fuel costs 

 

 
 
 
 
 
 
 

Diagrams 
Charts 
Tables 

 
 
 
 
 
 
 

Electricity 
Heat 

Transport 
sector 

 
 
 
 
 
 
 

Open source 

 
 
 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 
 
 

Hourly basis 

 
 
 
 
 

EnergyPLAN is designed using analytical 
programming, in comparison to dynamic 
programming, iterations or mathematical 
tools. With this type of approach, the model 
becomes very quick in the calculation process, 
where only a few seconds are needed for the 
model to compute one year, considering 
complex national energy systems. The tool can 
be integrated with MATLAB. 
 

 
 
 
 
 
 
 

EnergyPlus 
[105], 

[124]–[127] 

 
 
 
 

Three to four 
days of 
training 

required. In-
depth 

technical 
knowledge 

needed. 

 
 
 
 
 
 

Regional 
building 

simulation 
tool 

 
 
 
 
 
o Building simulation engine 
o Building energy 

consumption 
o Heating and cooling loads 
o Energy consumption 
o Ventilation 
o Lighting 
o Water use in buildings 

 
 
 
 
 
 
 

Output reports 
Text files 

 
 
 
 
 
 
 

Building 
sector 

 
 
 
 
 
 
 

Open source 
(an account 
needs to be 

created) 

 
 
 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 
 
 

Sub-hourly, 
user-defned 
time steps 

 
EnergyPlus is an effective engine for energy 

modelling and uses text input data. Additional 
features can be added if desired. The tool 
offers an energy analysis and thermal load 

simulations, suitable for engineers, 
researchers, and architects. 

 
Multiple graphical interfaces can be used 

together with EnergyPlus [125] and is 
compatible to run with Windows, Mac OS X, 
and Linux. The common way to get started 
with the program is to install EnergyPlus, 

Trimble SketchUp, and OpenStudio. 
 

The most important input data needed is: 
o Weather data 
o Construction material 
o Space types and usage 
o HVAC systems 
o Geometry 
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The most relevant outputs that the tool can 
provide are: 
 
o Heat balance based solution 
o Combined heat and mass transfer model 
o Thermal comfort models  
o Daylighting control 
o Atmospheric pollution calculations 
 
More features can be found at [124]. 
 

 
 
 
 
 
 

energyPRO 
[79], [128]–

[130] 

 
 
 
 
 

One day of 
training is 
required. 

 
 
 
 
 

Local 
community 

or single 
project 
energy-

system tool 

 
o Industry/Production 
o Conventional generation 
o Thermal technologies 
o Renewable energy 

penetration 
o Fuels 
o Pumped hydro storage 
o Compressed air energy 

storage 
o Battery energy storage 
o Thermal energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
o Taxes 

 
 
 
 
 

Complete 
model 
Graphs 
Tables 

Duration 
curves 
Reports 

 
 
 
 
 
Electricity 
Partly the 
heat sector 

 
 
 
 
 

Commercial 
source 

 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 

Hourly basis 
(maximum: 40 

years) 

 
 
 
 
 

The software only models the electricity and 
district heating sectors. 

 
No nuclear power is included. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enertile provides a computational analysis of 
the electricity sector and associated energy 

services. 
 

Below are the technologies and fuels listed 
that the model accounts for: 
 
o Solar PV 
o Gas 
o Wind onshore & offshore 
o Hydro 
o Hard coal 
o Nuclear 
o Biomass 



 

 125 

 
 
 
 
 

Enertile 
[79], [131]–

[134] 

 
 
 
 
 

National 
electricity 

system tool 

o Electricity 
o Heat 
o Conventional generation 
o Renewable energy 

technologies 
o Emissions 
o Pumped hydro storage 
o Thermal energy storage 
o Battery energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
 

 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 

Electricity 
sector 

 
 
 
 
 

No 
information 

available 

 
 
 
 
 

Scenario-
based 

 
 
 
 
 

Hourly basis 
(maximum: 

2050) 

o Pump storage 
o CSP 
o Gas, Lignite & Hard coal CHP 
o Waste 
 
The model consists of three different 
methodologies: 
 
o Enertile® Optimisation – simulates long-

term scenario studies, focused on the 
power sector, but also the heating/cooling 
and transport sector. The model provides a 
high temporal and technical resolution. 

 
o Enertile® Simulation – simulates 

important computational agents in the 
electricity sector, e.g. grid operators, 
consumers, utilities, market operators, 
renewable agents, ang government agents. 
The model considers four modules: 
electricity demand, markets, utilities, and 
renewable energy generation. 

 
o Enertile® Resinvest – provides data on 

specific investments and renewable energy 
potential for different technologies in 
Europe, including 14 different generation 
technologies. 

 
 
 
 
 

ENPEP-
BALANCE 
[135], [136] 

 
 
 
 
One to two 
weeks of 
training is 
required (two 
weeks to 
include 
advanced 
features). 

 
 
 
 

National 
energy-

system tool 

 
 

 
 

o Energy systems 
o Industry/Production 
o Emissions 

 
 
 
 

Graphs 
Tables 

 
 
 

Electricity 
Heat 

Transport 
sector 

 
 
 

Open source 

 
 
 

Partial 
equilibrium 

model 

 
 
 

Annual 
(maximum: 75 

years) 

 
ENPEP-BALANCE is described as a 

nonlinear equilibrium model with the ability 
to match the energy demand with 

technologies and resources available (energy 
supply). The model is an energy systems 
analysis model, used in over 80 countries. 

 
The tool uses the Jacobi iterative technique. 

Moreover, the model only runs with 
Windows. 
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The technologies not accounted for are 
pumped-hydro, battery and compressed-air 

energy-storage. 
 

 
 
 
 
 

ENTIGRIS 
[79], [137] 

 

  
Regional to 
international 

electricity 
system tool 
(Europe & 

North 
Africa). 
It can be 

easily 
adapted to 

other 
countries. 

 

 
o Electricity 
o Conventional generation 
o Hydropower 
o Wind power 
o Solar power 
o Concentrated solar power 
o Pumped hydro storage 
o Battery energy storage 
o Thermal energy storage 
 

 
 
 
 

Graphs 
Tables 

 
 
 
 

Electricity 
sector 

 
 
 
 

No 
information 

available 

 
 
 
 

Scenario-
based 

 
 
 
 

Hourly basis 
(maximum: 

2050) 

 
 
 

The model is developed in GAMS. The 
results provided by the model can be applied 
to analyse the portfolio of power plants on a 

long-term basis, specific expansion of 
conventional power plants and renewable 
energy technologies on a regional level, as 

well as the grid capacities needed. Moreover, 
total system costs are considered and the 

development of these costs. 

 
 
 
 
 
 

eQUEST 
[105], [138], 

[139] 

  
 
 
 
 
 

Building 
system tool 

 
 
 
 
 

o Building energy analysis 
o HVAC systems 
o Prices/Costs 
o Lighting System 
o Life cycle cost analysis 

 
 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 
 

All stages 

 
 
 
 
 
 

Open source 

 
 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 
 

Hourly basis 
(maximum: one 

year) 

 
 

Integrated with DOE-2. 
 

Weather data, geometry, construction 
material, space types and usage, schedules, 
and HVAC systems are the most important 

input categories. 
 

Detailed analysis of building design 
technologies by integrating simulation 

techniques for energy use. 
 

Full-name: 
QUick Energy Simulation Tool 

 
 
 

ESP-r 
[140], [141] 

  
 

Building 
system tool 

 
o Building energy analysis 
o Electricity 
o Heat 
o Moisture 
o House optimisation 

 
 

Complete 
model 
Graphs 
Tables 
Reports 

 

 
 

Electricity 
Heat sector 

 
 

Open source 

 
 

System 
level 

simulation 

 
 

User-defined 

 
ESP-r is a simulation tool for modelling 

detailed building performance. The system is 
able to model air, heat, and electrical power 

flows. The temporal and spatial solutions can 
be adjusted as the user desires. 

 
The system is not able to model the transport 
sector. It is a highly detailed model, which 
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might make it difficult to users to complete 
certain tasks. 

 
 
 
 
 

ETAP 
[142]–[145] 

  
 
 
 

Global 
electricity 

power 
system tool 

 
o Electricity market 
o Energy management 

system 
o Power systems 
o Network analysis 
o Transmission line 
o Cable systems 
o DC & control systems 
o Network optimisation 
o Renewable energy 

technologies 
o Solar PV 
o Solar Panels 
o Generation (fossil, nuclear, 

renewable) 
 

 
 
 
 

Reports 
Models 
Graphs 
Tables 

 
 
 
 

Distribution 
Generation 
Transport 
Industry 

 

 
 
 
 

Commercial 
source (30-
day demo 
version 

available) 

 
 
 
 

Scenario-
based 

 
 
 
 

Dynamic (user-
defined) & 

Static 

 
ETAP is an analytical engineering software 
company, with a powerful tool that is able to 

simulate, analyse, monitor, control, and 
optimise electrical power systems.  

 
A detailed list of all applications is available 
at the official website of ETAP [142]. The 
tool can interface with Microsoft Excel and 
has sold more than 50 000 licenses in over 

100 countries. 
 

Full-name: 
Electrical Power System Analysis & 

Operation Software 

 
 
 

ETEM 
[146]–[148] 

  
 
 

Local 
community 

or single 
project 
energy-

system tool 

 
o Energy systems 
o Energy policies 
o Prices/Costs, 
o Industry/Production 
o Fuels 
o Renewable energy 

penetration 
o District heating network 
o Grid storage 
o Investments 
o Losses 

 

 
 
 

Dynamic 
emission app 

Graphs 
Tables 

 
 
 

All stages 

 
 
 

Open source 

 
 
 

System 
level 

simulation 

 
 
 

Dynamic 
(maximum: 

typically 45-50 
years) 

 

 
 

ETEM is a simulation tool for evaluating 
energy and environment policy at a regional 

or urban level with the ability to find the 
optimal energy and technology options. The 
energy policy presents the minimal cost for 

investments in new technologies and the 
available production capacity, including 

suggestions for suitable imports/exports of 
energy resources. 

 
ETM: 
Energy 

Transition 
Model 

[79], [149], 
[150] 

  
Community 

to 
international 

energy 
system tool 

 
o Electricity 
o Heat 
o Hydrogen 
o Fuels 
o Conventional generation 
o Renewable energy 

technologies (except tidal 
power and wave power) 

o Pumped hydro storage 

 
Graphs 

 
Building 
Industry 

Transport 
sector 

 
Open source 

 
Scenario-

based 

 
From 15 

minutes to 
annual 

(maximum: 
2050) 

 
ETM is an online tool suitable for simulating 

energy scenario analysis. 
 
The tool is constructed in the following main 
steps: 

1. Set the policy goals 
2. Define the demand section 
3. Determine the future costs for a 

number of energy sources 
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o Battery energy storage 
o Hydrogen storage 
o Thermal energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
o Emissions 
 

4. Define the supply section 
 
The tool provides real-time feedback and 
shows how far the user is from achieving the 
defined policy goals. 

 
The model has the ability to perform the 
following calculations: 

 
o Primary energy calculations 
o Security of supply calculations 
o Merit order calculations 

 
Full-name: 

Energy Transition Model 
 

 
 
 

ETM: 
EUROfusio
n TIMES 

Model 
[79], [151] 

  
 
 

Global (17 
regions) 
energy 

system tool 

 
o Electricity 
o Heat 
o Hydrogen 
o Fuels 
o Conventional generation 
o Renewable energy 

technologies 
o Thermal energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
 

 
 
 

Graphs 
Tables 

 
 
 

Building 
Industry 

Transport 
sector 

 
 
 

No 
information 

available 

 
 
 

Scenario-
based 

 
 
 

Six time-slices, 
three seasons 

(summer, winter 
& intermediate, 
day to night),  
(maximum: 

2100) 

 
 
 
 
 

The EUROfusion TIMES Model is an 
economic tool on a global energy system 

level and has the ability to identify trends in 
developing the global energy system for 

fusion power shares on a long-term basis.  

ETSAP-
TIAM 

[79], [152] 

 Global (15 
regions) 
energy 

system tool 

o Electricity 
o Heat 
o Conventional generation 
o Hydropower 
o Run-of-river 
o Wind power 
o Solar power 
o Solar thermal 
o Concentrated solar power 
o Geothermal 
o Pumped hydro storage 
o Investment costs 

Graphs 
Tables 

Building 
Industry  

Transport 
sector 

Commercial 
source for 

OECD 
countries. 

Scenario-
based 

Annual (can 
also be divided 
into seasons & 

day to night 
hours), 

(maximum: 
2100) 

The model has the ability to simulate multiple 
technologies for all sectors of the entire 
energy system. It includes numerous 
economic and technological parameters and 
includes three different greenhouse gas 
emissions: CO2, N2O, and CO2. 

 
Full-name: 

The TIMES Integrated Assessment Model 
 

The following 15 regions are included: 
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o Operation & Maintenance 
costs 

o Fuel costs 
o Taxes 
o Emissions 
 

Africa, Australia-New Zealand, Canada, 
Central and South America, China, European 

Union+, Central Asia Caucasus, Other 
Eastern Europe, Russian Federation, India, 

Japan, Mexico, Middle-East, Other 
Developing Asia, South Korea and the United 

States. 
 

 
 
 
 
 
 
 
 
 

EUCAD 
[79], [153] 

  
 
 
 
 
 
 
 
 

National 
(Europe) 

power 
system tool 

 
 
 
 

o Electricity 
o Hydrogen 
o Conventional generation 
o Renewable energy 

technologies 
o Pumped hydro storage 
o Compressed air energy 

storage 
o Battery energy storage 
o Hydrogen storage 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
o Taxes 
 

 
 
 
 
 
 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 
 
 
 
 
 

Electricity 
sector 

 
 
 
 
 
 
 
 
 
 

No 
information 

available 

 
 
 
 
 
 
 
 
 
 

Partial 
equilibrium 

model 

 
 
 
 
 
 
 
 
 
 

Hourly basis 
(maximum: one 

year) 

 
EUCAD has the ability to simulate the 

balance between supply and demand for all 
European countries and can minimise the 

total cost for the complete European power 
system in a 24-hour day of operation. 

 
The countries included are: 

Austria, Belgium, Bulgaria, Czech Republic, 
Denmark, Finland, France, Germany, Greece, 

Hungary, Ireland, Italy, Luxemburg, 
Netherland, Norway, Poland, Portugal, 

Romania, Slovakia, Slovenia, Spain, Sweden, 
Switzerland, and the United Kingdom. 

 
The tool can interface with the optimisation 

language GAMS. No emissions are included. 
 

Full-name: 
European Unit Commitment and Dispatch 

 
 
 
 

EUPower-
Dispatch 

[79], [154] 

  
 
 

National 
(Europe) 
electricity 

system tool 

 
o Electricity 
o Conventional generation 
o Renewable energy 

technologies 
o Emissions 
o Pumped hydro storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 

 
 

Graphs 
Tables 

Wind speed 
data points 

Cross-border 
electricity 

transmission 
limits 

 

 
 
 
 

Electricity 
sector 

 
 
 
 

No 
information 

available 

 
 
 
 

Scenario-
based 

 
 
 
 

Hourly basis 
(maximum: one 

year) 

 
The tool is a minimum-cost dispatch model 

focused on the European electricity 
transmission network. The model is written in 

GAMS (General Algebraic Modelling 
System). The tool is not suitable to estimate 

optimal cross-border transmission 
investments. It is preferably used for 

comparing different cross-border 
transmission and electricity generation 

scenarios, for its impacts on the requirement 
of cross-border transmission investment. 
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ficus 
[79], [155]–

[157] 

 
 
 
 

Local 
community 

or single 
project 
energy-

system tool 
 

o Energy systems 
o Electricity generation & 

consumption 
o Heat 
o Renewable energy 

technologies 
o Conventional generation 
o Heat and battery storage 
o Wind power 
o Industry/Production 
o CHP plant 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Emissions 

 
 
 
 
 
 

Graphs 

 
 
 
 
 
 

All sectors 

 
 
 
 
 
 

Open source 

 
 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 
 

Dynamic 

The tool finds the minimum cost energy 
system to fulfil given demand time-series for 
possibly multiple commodities, for example 

heat and electricity. The tool can be 
integrated with Python to run the optimisation 
and plot the results. Important to note is that 

all resulting costs of the optimisation are 
annualized. 

 
The tool is supposed to supply the given 

demand with minimal costs. Moreover, the 
main restriction is the power balance (of 
every commodity for every time-step). 

Commodities are goods that can be 
imported/exported, generated, stored and 
consumed and can be represented by their 

power flow (in kW) per time-step. 
 

 
 
 
 
 
 

GCAM 
[79], [158] 

  
 
 
 
 

Global 
(Regional) 

energy 
system tool 

 
o Electricity 
o Heat 
o Conventional generation 
o Emissions 
o Hydropower 
o Solar power 
o Concentrated solar power 
o Wind power 
o Geothermal 
o Pumped hydro storage 
o Hydrogen storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 

 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 

Building 
Industry 

Transport 
sector  

 
 
 
 
 

Open source 

 
 
 
 
 

Scenario-
based 

 
 
 
 
 

5 years 
(maximum: 

2100) 

 
 
 
 

Full-name: 
Global Change Assessment Model 

 
GCAM is capable of exploring the role of 

emerging energy supply, with regards to the 
energy sector as a whole, including economy, 
land use, water, climate change mitigations, 
carbon taxes and trading as well as multiple 

technology options. 
 

 
 
 

GEM-E3 
[79], [159] 

  
 

Global (38 
regions) 
energy 

system tool 

 
o Electricity 
o Heat 
o Conventional generation 
o Emissions 
o Hydropower 
o Wind power 
o Solar power 

 
 

Supply and 
demand 

optimisation 
Money market 

equilibrium 
Graphs 

 
 

Building 
Industry 

Transport 
sector 

 
 

No 
information 

available 

 
 

General 
equilibrium 

model 

 
 

5 years 
(maximum: 

choose either 
2030 or 2050) 

 
Full-name: 

General Equilibrium Model for Economy-
Energy Environment 

 
GEM-E3 is able to simultaneously compute 
the equilibrium of supply and demand (more 
specifically referring to goods and services 
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o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
 

Tables markets, also including production factors 
(capital and labour).  

 
There are multiple sectors included in the 
model: 

 
• Agriculture 
• Coal 
• Crude oil and oil 
• Oil 
• Ferrous and non-ferrous metals 
• Non-metallic minerals 
• Chemical and paper products 
• Electricity supply and power, 
• Transport (air, land and water) 
• Transport equipment 
• Other equipment goods 
• Electric goods 
• Consumer goods industries 
• Construction 
• Market services 
• Non-market services 

 
In the power sector, ten technologies are 
included: 
 

• Coal fired 
• Oil fired 
• Gas fired 
• CCS coal 
• CCS gas 
• Biomass 
• Nuclear 
• PV 
• Hydro electric 
• Wind 
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GENESYS 
[79], [160] 

 
 
 

National 
power 

system tool 

 
 

o Electricity 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
 

 
 
 

Energy fluxes 
Graphs 
Tables 

 
 
 

Electricity 
sector 

 
 
 

Open source 

 
 
 

Scenario-
based 

 
 
 

Hourly basis 
(maximum: 

2050) 

Full-name: 
Genetic Optimisation of a European Energy 

Supply System 
 

The tool has the ability to optimise a future 
European power system with high penetration 
of renewable energy sources. The focus area 
is primarily Europe, Middle East, and North 
Africa. 
 
Variables that are possible to consider to the 
optimisation are: 
 

• Energy generation 
• Transmission 
• Storage capacities 

 
 

 
 

GridLAB-D 
[79], [161], 

[162] 

  
Local to 
national 
power 

system tool 

 
o Electricity 
o Diesel generators 
o Wind power 
o Solar power 
o Battery energy storage 
 

 
Graphs 
Charts 
Tables 

 
Electricity 

sector 

 
Open source 

 
System 
level 

simulation 

 
From sub-
seconds to 

annual basis 
(maximum 3-5 

years) 

 
A detailed description of GridLAB-D can be 

found at [162]. 
 

No emissions or costs are included. 

 
 
 

GTMax 
[163], [164] 

 
One to two 
weeks of 
training is 

required (two 
weeks to 
include 

advanced 
features). 

 

 
 
 

National 
energy-

system tool 

 
 

o Electricity market 
o District heating 
o Electric vehicles 
o Storage 
o Prices/Costs 
 

 
 
 

Graphs 
Tables 

 
 
 

Electricity 
Partly the 
heat sector 

 
 
 

Commercial 
source 

 
 
 

System 
level 

simulation 

 
 
 

Hourly basis 

 
The tool has the ability to maximize the net 
revenues of power systems. It is performed 
by finding a solution that increases income 

while keeping expenses at a minimum. 
 

Full-name: 
Generation and Transmission Maximisation 

Mode 
 

 
 

H2RES 
[165], [166] 

 
 

Two months 
of training is 

required. 

 
 

Island 
energy-

system tool 
 

 
o Energy systems 
o Energy supply/demand 
o Renewable energy 

penetration 
o Electricity market 
o Heating 
o Storage 

 
 
 

Graphs 
Tables 

 
 
 

Electricity 
Heat 

Partly the 
transport 

sector 

 
 
 

Not sold to 
external users 

 
 
 

System 
level 

simulation 

 
 

 
Hourly basis 

 
 
 

No nuclear power, compressed-air energy-
storage or tidal power are considered. Only 

hydrogen vehicles are simulated in the 
transport sector. 
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o Renewable energy 
penetration 

o Conversion processes 
o Industry/Production 

 
 
 
 
 

HOMER 
[79], [167]–

[169] 

 
 
 
 

One day of 
training is 
required. 

 
 

Local 
community 

or single 
project 
energy-

system tool 

 
o Renewable energy systems 
o District heating 
o Conventional generation 
o Building energy analysis 
o Emissions 
o Transport 
o Compressed air energy 

storage 
o Battery energy storage 
o Hydrogen storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 

 
 
 

Graphs 
Tables 

Optimisation 
report 

 
 
 

Electricity 
Heat 

Transport 
sector 

 
 
 

Commercial 
source 

Price: [170] 

 
 
 

Scenario-
based 

 
 
 

Dynamic 
(minimum time-
step 1 minute) 

 

 
 

Data files are imported from Excel. 
Sensitivity analyses can be performed to help 

investigate the effects of uncertainty or 
necessary changes in input variables. Nuclear 

power is not included. 
 

Full-name: 
Hybrid Optimisation of Multiple Energy 

Resources 
 

 
 

HYDROGE
MS 

[171], [172] 

 
 

Three months 
of training is 

required. 

 
Local 

community 
or single 
project 
energy-

system tool 
 

 
 

o Energy systems 
o Electricity market 
o Renewable energy 

penetration 

 
 

Complete 
power system 

model 
Tables 
Graphs 

 
 

Electricity 
sector 

 
 

Open source 

 
 

System 
level 

simulation 

 
 

Dynamic (down 
to one-minute 

time-steps) 
 

 
 

Compatible with TRNSYS and EES. 
 

 
 

HYPERSIM 
[79], [137] 

 

  
Single-

system to 
regional 
power 

system tool 

 
o Electricity 
o Conventional generation 
o Renewable energy 

technologies 
o Battery energy storage 
 

 
Charts 
Reports 

Complete 
power system 

model 
Graphs 
Tables 

 
 

Electricity 
sector 

 
 

Commercial 
source 

 
 

System 
level 

simulation 

 
 

10 μs 
(maximum: 

user-defined) 
 

 
HYPERSIM is an extensively field-tested 

tool for power system and power electronics. 
The model offers efficient data acquisition 

and signal processing. Moreover, study 
reports are generated in Excel or PDF. 

 
No emissions or costs are included. 

 
 

IDA ICE 
[173] 

  
Building 

system tool 

 
o Building energy analysis 
o Building performance 

 
Complete 

model 
Graphs 

 
Building 

sector 

 
Open source 

System 
level 

simulation 

 
Hourly basis 

 
Full-name: 

IDA Indoor Climate and Energy 
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Tables IDA ICE offers accurate models of a 
building, to guarantee a minimised energy 

consumption and optimal comfort.  
 

IDSM 
[174] 

  
Single-
system 
techno-

economic 
tool 

 

 
o Cost-saving integrated 

solutions 
 

 
Graphs 
Tables 

 
Economic  
Electricity 

sector 

 
No 

information 
available 

 
System 
level 

simulation 

 
Hourly basis 

 
The model evaluates the market potential of 
distributed energy resources technologies for 

electric utilities. 
 

Full-name: 
Integrated Demand Side Management Tool 

 
 

IES-VE for 
Engineers 

[175]–[177] 

  
 

Single-
system 

building 
tool 

 
o Building energy analysis 
o Life-cycle cost analysis 
o Emissions 
o Lighting system 
o HVAC systems 
o 3D modelling 
 

 
 

Complete 3D 
model 
Graphs 
Table 

 
 

Building 
sector 

 
 

Open source 

 
 

System 
level 

simulation 

 
 

Dynamic 

 
 

The tool has be ability to virtually test the 
feasibility of different energy saving 

strategies and new technologies as well. 
 

 
 
 
 
 
 
 
 

iHOGA 
[79], [178], 

[179] 

  
 
 
 
 
 
 
 

Local power 
system tool 

 
 
 

o Electricity 
o Hydrogen 
o Diesel/Petrol generators 
o Wind power 
o Hydropower 
o Solar power 
o Hydrogen storage 
o Battery energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Emissions 
 

 
 
 
 
 
 
 

Complete 
power system 

model 
Graphs 
Tables 

 
 
 
 
 
 
 
 

Electricity 
sector 

 
 
 
 
 
 
 

Commercial 
source (free 

for 
educational 
purposes) 

 
 
 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 
 
 

Hourly basis 
(maximum: one 

year) 

 
Full-name: 

Improved Hybrid Optimisation by Genetic 
Algorithms 

 
The model iHOGA is suitable for simulating 

and optimising hybrid electric systems, 
depending on renewable energies and grid-
connected or off-grid (standalone) systems. 

 
The tool is able to provide the minimised 
total system costs, which means that it is 

capable of maximising profits. The 
optimisation is therefore economic. It is a 
highly useful tool as it provides advanced 
models for the different components in the 
system. This makes it easier for the user to 
identify the behaviour of each system in an 
accurate way,  compared to similar tools. 

 
 

IKARUS 
[180] 

Three months 
of training is 

required. 

National 
energy-

system tool 

o Energy systems 
o Prices/Costs 
o Storage 
o Transport Emissions 

 
Graphs 
Tables 

 

Electricity 
Heat 

Transport 
sector 

 
Commercial 

source 

 
Scenario-

based 

Five-year time-
steps 

(maximum: 40 
years) 

The only technologies not considered are 
wave, tidal, and compressed-air energy-

storage. 
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IMAKUS 
[79], [181] 

 
 
 

National 
energy 

system tool 
 

Calibrated 
to Germany 

 
o Electricity 
o Hydrogen 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 
 
 

Graphs 
Tables 

 
 
 

Electricity 
Heat sector 

 
 
 

No 
information 

available 

 
 
 

Scenario-
based 

 
 
 

Hourly basis 
(maximum: 

multiple 
decades 

Full-name: 
Iteratives Modell zur Ausbauplanung von 

Kraftwerken und Speichern 
 
The model simulates the following outputs: 

• Costs 
• Marginal costs 
• Energy flows 
• Installed capacities mix 
• Ideal locations 
• Grid extension 
• Power plants scheduling 

 
 
 
 

INFORSE 
[182] 

 
 
 

Two to four 
weeks of 
training is 
required. 

 
 
 

National 
energy-

system tool 

 
o Energy systems 
o Renewable energy 

penetration 
o Transport 
o Prices/Costs 
o Energy policies 
o Energy efficiency 
o Production/Industry 

 

 
 
 

Graphs 
Tables 

 
 

Electricity 
Heat 

Transport 
sector 

 
 
 

Not sold to 
external users. 

 
 

System 
level 

simulation 

 
 

Annual 
(maximum: 100 

years) 

 
 
 

Full-name: 
International Network for Sustainable Energy 

 

 
 

Invert 
[183], [184] 

 
 

One day of 
training is 
required. 

 
 

National 
energy-

system tool 

 
o Energy systems 
o Heating 
o Prices/Costs 
o Fuel consumption 
o Renewable energy 

penetration 
o Building energy analysis 

 

 
 

Graphs 
Tables 

 
Electricity 

heat 
Partly the 
transport 

sector 

 
 

Open source 

 
 

Scenario-
based 

 
 

Annual 
(maximum: 25 

years) 

 
 

All thermal generation except nuclear power, 
all renewable generation except wave and 

tidal, no storage and conversion technologies, 
and only biofuel transportation are simulated 

by the model. 
 

 
 
 

INVERT/E
E-Lab 

[79], [185] 

  
 

Single-
system 

building 
tool 

 
o Electricity 
o Heat 
o Emissions 
o Small-scale combined heat 

and power plants 
o Solar photovoltaics 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 
 

Complete 
model 
Graphs 
Tables 

 
 

Electricity 
Heat 

Building 
sector 

 
 

No 
information 

available 

 
 

Scenario-
based 

 
 

Monthly to 
annual basis 
(maximum: 

choose between 
2030/2050/ 

2080) 

 
 

Invert/EE-Lab is a dynamic techno-socio-
economic simulation tool using a bottom-up 
approach. The model is used to analyse the 

impact of a number of policy packages on the 
total energy demand. It also simulates the 

CO2 reductions, costs for space heating and 
cooling, as well as preparation in buildings of 

hot water and lighting. 



 

 136 

 
 
 

IPSA Power 
[186]–[188] 

 
Training 

courses are 
provided at 

[186]. 

 
 

Power 
system tool 

 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 

 
Diagrams 

Data tables 
Scaled 

geographical 
backgrounds 

 
 

Electricity  
Heat sector 

 
 

Commercial 
source 

 
 

Scenario-
based 

 
Dynamic (from 
milliseconds to 
30-minute time-

steps 
(maximum: one 

year) 
 

 
No emissions or costs are included. 

 
Full-name: 

Interactive Power System Analysis 
 
 

 
 
 

IRiE 
[79], [189], 

[190] 

  
 

Northern 
Europe (26 

areas) 
power 

system tool 

 
o Electricity 
o Conventional generation 
o Hydropower 
o Wind power 
o Solar power 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
 

 
 
 

Graphs 
Tables 

 
 
 

Electricity 
sector 

 
 
 

Upon request 

 
 
 

Scenario-
based 

 
 
 

15 minutes 
(maximum: one 

year) 

 
Full-name: 

Integrated Regulating power market in 
Europe 

 
The IRiE model is implemented in AMPL. 
For optimisation, the solvers CPLEX and 

GUROBI are used.  

 
 
 
 
 
 

LEAP 
[79], [191]–

[193] 

 
 
 
 
 
 

3-4 days of 
training is 

recommended 

 
 
 
 
 
 

National 
energy-

system tool 

 
 
 

o Energy consumption 
o Industry/Production 
o Resource extraction 
o Renewable energy 

technologies 
o Energy storage 
o Conventional generation 
o GHG emission sources and 

sinks 
o Energy policies 
o Investment costs 
o Capital costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 
 
 
 
 
 

Graphs 
Tables 

 

 
 
 
 
 

Building 
Transport 
Industry 
sector 

 
 
 
 
 

Open source 

 
 
 
 
 

Scenario-
based 

 
 
 
 
 

Annual 
(see additional 
information) 

 
Full-name: 

Long-range Energy Alternatives Planning 
 

The calculations performed by LEAP are 
mostly based on an annual time-step. 

However, certain results can be obtained by 
using smaller time-slices. The calculations of 
the electric sector can be divided into time-
slices to represent types of days, seasons or 

times of the day. This finer level of temporal 
detail can be defined as the user desires. 

These time-slices are highly valuable as it 
enables the user to analyse how loads vary 
during the year and how the electric power 

from different power plants can be distributed 
in certain seasons. 

 
To run optimisation in LEAP, no additional 
software is required. The optimisation is 
based on the calculation of least-cost 
expansion and dispatch of power plants 
within an electric system. The optimal point 
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is obtained by defining the lowest total net 
present value of the energy system, which is 
based on the social costs of the system. The 
model considers all years of calculation. This 
includes the base year until the end year. 
 

 
 
 
 
 

LIBEMOD 
[79], [194] 

  
 
 
 

National 
(Europe) 
energy 

system tool 

 
o Electricity 
o Heat 
o Fuels 
o Conventional generation 
o Hydropower 
o Run-of-river 
o Wind power 
o Solar power 
o Pumped hydro storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
o Balancing costs 

 

 
 
 
 

Graphs 
Tables 

 
 
 
 

Power 
Natural gas 

sector 

 
 
 
 

No 
information 

available 

 
 
 
 

System 
level 

simulation 

 
 
 

From daily to 
annual basis 
(days can be 

divided into day 
and night), 

(maximum: 20 
years) 

 
 

Full-name: 
LIBEralization MODel for the European 

Energy Markets 
 
 
 

A detailed description of the model is 
available at [194]. 

 

 
 
 

LIMES-EU 
[79], [195]–

[201] 

  
 
 

National 
(Europe) 

power 
system tool 

 
o Electricity 
o Conventional generation 
o Hydropower 
o Wind power 
o Solar power 
o Concentrated solar power 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Emissions 

 

 
 
 

Map of grid 
connections 

Graphs 
Tables 

 
 
 

Electricity 
sector 

 
 
 

No 
information 

available 

 
 
 

System 
level 

simulation 

 
 
 

Eight time-
slices per day 
(maximum: 

2050) 

 
 

Full-name: 
Long-term Investment Model for the 

Electricity Sector 
 

The model is implemented in GAMS. A 
detailed description of the model is available 

at [195]–[201]. 
 

LOADMAT
CH 

[79], [202] 

   
o Electricity 
o Heat 
o Hydrogen 

 
Load match 

curves 
Graphs 
Tables 

 
Electricity 
Heat sector 

 
No 

information 
available 

 
Scenario-

based 

 
30 seconds 

(maximum: 6 
years) 

 
No emissions are included. 

 
Full-name: 

LOADMATCH Grid Integration Model 
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o Renewable energy 
technologies 

o Pumped hydro storage 
o Thermal energy storage 
o Hydrogen storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 
 
 
 

LUSYM 
[79], [203]–

[205] 

  
 
 
 

National 
electric 
power 

system tool 

 
 

 
o Electricity 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
o Emissions 
 

 
 
 
 

Graphs 
Tables 

Flow charts 

 
 
 
 

Electricity 
sector 

 
 
 
 

Upon request 

 
 
 
 

Scenario-
based 

 
 
 

From 15 
minutes to 

weekly basis 
(maximum: 

user-defined) 

 
Full-name: 

Leuven University System Modelling 
 

LUSYM is a mixed-integer linear bottom-up 
partial equilibrium program  The model is 
integrated with GAMS and is solved with 
GUROBI or CPLEX. The objective with 

LUSYM is to minimise the total discounted 
cost, associated with investments and costs 

related to operation of generation assets for a 
user-defined time horizon. The LUSYM 
model allows flexibility when it comes to 

dividing time horizons as desired. This 
function is also available in the TIMES 

model. 
 

 
 
 
 
 
 

MARKAL/
TIMES 

[206], [207] 

 
 
 
 
 
 

A few months 
of training is 

required. 

 
 
 
 
 

Local to 
regional 
energy-

system tool 

 
o Energy systems 
o Building energy analysis 
o Prices/Costs 
o Emissions 
o Energy efficiency 
o Storage 
o Transport 
o Heating 
o Cooling 
o Renewable energy 

penetration Fuels 
o Climate change policies 
o Hydropower 
o Wind power 
o Solar power 
o Geothermal 

 
 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 
 

Electricity 
Heat 

Transport 
sector 

 
 
 
 
 
 

Commercial 
source 

 
 
 
 

Scenario-
based 

 
Partial 

equilibrium 
model 

 
 
 
 

Dynamic (user-
defined). More 
flexible with 

TIMES. 
Long-term 
modelling 
horizon 

 
Full-name: 

MARKet ALlocation model / The Integrated 
MARKAL EFOM System 

 
TIMES is considered as the successor of 

MARKAL. 
 

Both models use the same basic modelling 
paradigm and technology explicit. Linear 

programming is used to obtain the 
equilibrium. This is accomplished by 

maximising the total surplus of suppliers and 
consumers. 

 
However, there is one significant difference. 
MARKAL used fixed length time periods, 
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o Pumped hydro storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
o Taxes 

disabling flexibility in the modelling process, 
compared to TIMES where the user is 

allowed to determine the length of the time 
periods considerably more flexible.  

 
This feature is highly valuable if the user 

desires model one single year to begin with, 
which is preferably suitable for calibration 

processes. For long time horizons, the period 
lengths can be adjusted the way the user 

wishes. 
 

 
 

Mesap 
PlaNet 

[208], [209] 

 
 

Two days of 
training is 
required. 

 
 

National 
energy-

system tool 

 
o Energy systems 
o Energy supply/demand 
o Prices/Costs 
o Emissions Heating 
o Cooling 
o Renewable energy 

penetration 
o Storage 
o Transport 

 

 
 

Graphs 
Tables 

 
 

Electricity 
Heat 

Transport 
sector 

 
 

Commercial 
source 

 
 

Scenario-
based 

 
 

Dynamic 

 
 

Full-name: 
Modular Energy System Analysis and 

Planning Environment 

 
 
 
 

MESSAGE 
[79], [210] 

 
 
 
 

Two weeks of 
training is 
required 
(basic 

applications). 

 
 
 
 

Global and 
Internationa

l energy-
system tool 

 
o Energy systems 
o Climate change policies 
o Conventional generation 
o Emissions 
o Renewable energy 

technologies 
o Energy storage 
o Electricity 
o Heat 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 

 

 
 
 
 

Graphs 
Tables 

 
 
 
 

Building 
Transport 
Industry 
sector 

 
 
 
 

Open source 

 
 
 
 

Scenario-
based 

 
 
 
 

Five- to ten-year 
time steps 

 
 

The tool can simulate: thermal generation, 
renewable, storage and conversion, transport 

technologies and carbon sequestration. 
 

On the supply side, the inputs for the model 
are very detailed but input from the demand 

side are more aggregated. 
 

Full-name: 
Model for Energy Supply Strategy 

Alternatives and their General Environmental 
Impact 

 

 
MiniCAM 

[211] 

 
 

Several 
months of 

 
Global and 
Internationa

 
o Energy supply/demand 
o Agriculture/land-use 
o Climate change policies 

 
 

Graphs 
Tables 

 
 

Electricity 
Transport 

 
 

Open source 

 
 

Scenario-
based / 

 
 

15-year time-
steps 

 
The tool has a strong focus on energy supply 
technologies. Several different technologies, 

fuels, and energy carriers can be used to 
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training is 
required. 

l energy-
system tool 

o Emissions 
o Renewable energy 

penetration 
o Energy efficiency 

 

Partly the 
heat sector 

Partial 
equilibrium 

model 

supply end-use energy demands. 
Transformation losses are accounted for 

throughout the supply system. 
 

 
 
 
 
 
 

MODEST 
[212]–[214] 

  
 
 

National 
energy-

system tool 
/ Local 

community 
or single 
project 
energy-

system tool 

 
 
 

o Energy systems 
o Electricity market 
o Prices/Costs 
o Heating 
o Cooling 
o Optimisation 
o Industry/Production 
o District heating 
o Emissions 

 
 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 
 

Electricity 
Heat sector 

 
 
 

 
 

No 
information 

available 

 
 
 

 
 

System 
level 

simulation 

 
 
 
 
 

 
Dynamic 

 
Suitable for district heating system modelling 

and municipal electricity. 
 

The most important features are: 
o Optimum use of energy carriers and 

demand-side policies for every time period 
o Most favourable sizes and types for 

investments 
o Possibility to estimate the total cost and 

annual cash flow of revenues and costs 
o Emissions 

 
Full-name: 

MODEST Energy System Optimisation 
Model 

  
 
 
 
 
 
 

NEMO 
[79], [215], 

[216] 

  
 
 
 
 
 

National 
energy 

system tool 

 
o Electricity 
o Open-cycle gas turbines 
o Closed-cycle gas turbines 
o Coal (carbon capture 

storage) 
o Emissions 
o Hydropower 
o Wind power 
o Solar photovoltaics 
o Geothermal 
o Pumped hydro storage 
o Battery energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 

 
 
 
 
 
 

Text files 
 

 
 
 
 
 
 

All stages 

 
 
 
 
 
 

Open source 

 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 

Hourly basis 
(maximum: 
usually one 

year) 

 
 

 
 

Full-name: 
National Electricity Market Optimiser 

 
The source code is written in Python, but 

needs no proprietary software to run. 
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NEMS 
[79], [217] 

 
 
 
 

 
 

Highly 
individual 

training time. 

 
 
 
 
 

 
National 
energy-

system tool 

 
o Energy policies 
o Fuels 
o Energy supply/demand 
o Conventional generation 
o Industry/Production 
o Building energy analysis 
o Emissions 
o Renewable energy 

technologies 
o Pumped hydro storage 
o Battery energy storage 
o Thermal energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 

 

 
 
 
 
 
 

Tables 
Graphs 

 
 
 
 
 
 

Building, 
transport, 
industry 
sector 

 
 
 
 
 
 

Open source 
(see additional 
information) 

 
 
 
 
 
 

Scenario- 
based 

 
 
 
 
 
 

Annual 
(maximum: 20 

years) 

 
 
 

The model requires Fortran, EViews, IHS 
Global Insight model, OML (a linear 

programming package) to run which must be 
purchased. Primarily used in the US. 

 
Technologies that are not considered in 

NEMS are wave, tidal, compressed air energy 
storage and hydrogen. 

 
Full-name: 

National Energy Modelling System 
 
 

 
 
 

NetSim 
[218] 

 

  
 

District-
level 

heating 
system 

modelling 
tool 

 
o Grid models 
o District heating 
o Cooling 
o Network simulations 

(temperature, flow, 
velocity, pressure) 

o Prices/Costs 

 
Animations 

Graphs 
Tables 

Dynamic plots 
Plot 

formatting 
 

 
 
 

All stages 

 
 
 

Commercial 
source 

 
 
 

Scenario-
based 

 
 
 

Dynamic/Static 

 
 
 

The software has the ability to predict the 
network behaviour and lower the 

maintenance costs. 
 

 
 
 

 
oemof 

[79], [219] 

  
 

 
 

All scales 

 
o Energy systems 
o Electricity market 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Emissions 
o Heat 
o Optimisation 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 
 
 
 

Graphs 
Tables 

 
 

 
 

Building 
Transport 
Industry 
sector 

 
 
 
 

Open source 

 
 
 
 

System 
level 

simulation 

 
 
 
 

Dynamic (from 
seconds to 

years), 
(maximum: 

user-defined) 

 
 
 
 

The tool can be integrated with Python. 
 

Full-name: 
Open Energy Modelling Framework 
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o Balancing costs 
o Taxes 

 
 
 
 
 
 
 
 
 
 

ONSSET 
[220]–[224] 

 
Basic 

knowledge 
within energy 
planning and 

energy 
economics. 

Experience in 
Geographic 
Information 

Systems (GIS) 
is also 

necessary to 
analyse spatial 

datasets. 
Python skills 
can be needed 

as well to 
make 

modifications 
to the code if 

necessary. 
 

 
 
 
 
 
 
 
 
 

National 
energy-

system tool 

 
 
 
 
 
 
 
 
 

o Electricity market 
o Prices/Costs 
o Electrification planning 

 
 
 
 
 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 
 
 
 
 

All stages 

 
 
 
 
 
 
 
 
 

Open source 

 
 
 
 
 
 
 
 
 

Scenario-
based 

 
 
 
 
 
 
 
 
 

No information 
available 

 
The purpose with ONSSET is to identify the 

mix of technologies to help electrify the 
population of a country within a certain 
timeframe. OnSSET only considers the 

residential electricity demand. 
 

The tool estimates, analyses and visualizes 
the most cost effective electrification option 
(grid, mini grid & stand-alone) to achieve 

electricity access goals. It also considers the 
geographical characteristics that is related to 

energy. 
 

At the moment, solar photovoltaics, wind 
turbines and mini and small hydropower 

plants are considered as off grid renewable 
energy technologies. The tool can be 

integrated with Python. 
 

Full-name: 
OpeN Source Spatial Electrification Tool 

 
 

OpenDSS 
[79], [225], 

[226] 

  
 

Distribution 
feeder- 

system tool 

 
o Electricity 
o Conventional generation 
o Solar power 
o PV systems 
o Wind systems 
o Energy storage 
o Smart inverters 
o Demand response 
 

 
 

Graphs 
Tables 

 
 

Electricity 
sector 

 
 

Open source 

 
 

System 
level 

simulation 

 
 

From seconds to 
hourly basis 
(maximum: 

user-defined) 

 
No emissions or costs are included in the 

software. 
 

It is described as a comprehensive electrical 
power system simulation tool. 

 
Full-name: 

Open Distribution System Simulator 
 

 
 

OpenModeli
ca 

[227] 
 

   
o Energy systems 
o Fluid systems (hydraulics, 

steam power generation) 
o Automotive applications 

(powertrain) 

 
 

Text files 
 
 

 
 

All stages 

 
 

Open source 

 
 

System 
level 

simulation 

 
 

Dynamic 

 
 
The tool can be integrated with C++ and Java. 
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o Mechanical systems 
(mechatronics, multi-body 
systems) 
 

 
 
 

OpenStudio 
[228]–[231] 

  
 
 

Building 
energy 

modelling 
tool 

 
 
 

o Building energy analysis 
o 3D geometry 
o Prices/Costs 
o Renewable energy 

penetration 
o HVAC systems 
 

 
 
 

Complete 3D 
model 

 

 
 
 

Building 
sector 

 
 
 

Open source 

 
 
 

System 
level 

simulation 

 
 
 

Dynamic 
(hourly basis 

possible) 

 
The tool can be integrated with C++, Ruby, 

and C#. 
 

It provides detailed customization and tool 
development continuously. Predefined inputs 
are not transparent. The modelling tool can 
run on Windows, OS X , and Linux). It is 

predominantly suitable for office buildings. 
 

 
 
 
 

ORCED 
[232] 

 
 
 
 

One week of 
training is 
required. 

 
 
 
 

National 
energy-

system tool 

 
 
 
 

o Emissions 
o Prices/Costs 
o Electric vehicles 

 
 
 
 

Graphs 
Tables 

 
 
 
 

Electricity 
Partly the 
transport 

sector 

 
 

 
 

Open source 

 
 
 
 

System 
level 

simulation 

 
 
 
 

Hourly basis 

 
The software is primarily used in the US. It 

does not simulate the heat sector. The tool has 
certain limitations as it only the simulates 
electricity sector and partly the transport 

sector. Moreover, it is only able to consider 
pumped-hydroelectric energy-storage. 

 
All renewable and thermal generation can be 
included in the modelling process, except for 

wave and tidal power.  
 

Full-name: 
Oak Ridge Competitive Electricity Dispatch 

 
 
 
 
 

OSeMOSY
S 

[79], [233]–
[237] 

 
 
It is specified 
that the tool 
requires only 
“little time 

commitment” 
to operate 

 
 
 
 

All scales 

 
o Energy systems 
o Energy supply mix 
o Generation capacity 
o Conventional generation 
o Renewable energy storage 
o Energy storage 
o Emissions 
o Energy delivery 
o Heat (code modification 

required) 
o Electricity market 
o Transport 
o Investment costs 

 
 
 
 

Graphs 
Tables 

 
 
 

Electricity 
Partly Heat 
Transport 

sector 

 
 
 
 

Open source 

 
 
 
 

Scenario-
based 

 
Dynamic (The 
annual demand 
can be split into 

aggregate 
seasons. 

Demand levels 
are similar 

(summer, winter 
and 

intermediate). 
Moreover, 

seasons can be 
subdivided into 

 
The tool can run without interface. Mixed-

integer linear programming can be applied for 
certain functions (optimisation of discrete 

power plant capacity expansions). 
 

The tool can be described as a “long-run 
integrated assessment and energy planning” 
and has the ability to cover all or individual 

energy sectors. 
 

Full-name: 
The Open Source Energy Modelling System 
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o Operation & Maintenance 
costs 

o Fuel costs 
o Balancing costs 

aggregate ‘day 
types’ (such as 
workdays and 

weekends). 
Each day can be 

sub-divided 
(day- and night) 

depending on 
the level 
needed. 

 

 
 
 

 
 

PATHWAY
S Model 

[238] 

  
National 
energy-

system tool 
 

(Calibrated 
to the U.S) 

 

 
 

o Energy supply/demand 
o GHG mitigation planning 
o Prices/Costs 
o Emissions 
 

 
 

Graphs 

 
Electricity 

Heat 
Transport 

sector 

 
No 

information 
available 

 
 

Scenario-
based 

 
 

Hourly basis 

 
 

The model is capable of providing deep 
decarbonization scenarios for GHG 

mitigation planning performs cost analysis for 
feasibility of multiple sectors. 

 

 
 
 
 

PERSEUS 
[239] 

 
 
 
 

Two weeks of 
training is 
required. 

 
 
 
 

Global and 
Internationa

l energy-
system tool 

 
 
 

o Energy systems 
o Fuel supply 
o E-transport 
o Prices/Costs 
o Storage 
o Industry/Production 
o Electricity market 

 
 
 
 

Graphs 
Tables 

 
 
 

Electricity 
Heat 

Partly the 
transport 

sector 

 
 
 
 

Commercial 
source 

 
 
 
 

System 
level 

simulation 

 
The time 

structure is 
constructed 
using Load 

curves represent 
the time 

structure with 
36 to 72 time 
slots for one 

years 
(maximum: 50 

years). 
 

 
 
 
 

Full-name: 
Programme-package for Emission Reduction 

Strategies in Energy Use and Supply-
Certificate Trading 

 
 

 
 

PHPP 
[240]–[242] 

  
Single-
system 

simulation 
tool 

 

 
o Energy supply/demand 
o Heating 
o Cooling 
o Building energy analysis 
o Energy efficiency 

 

 
 

Graphs 

 
 

Building 
sector 

 
 

Commercial 
source 

 
 

System 
level 

simulation 

 
 

Dynamic 

 
In Excel, energy balance calculations can be 

performed, and datasheets are imported. 
 

Full-name: 
Passive House Planning Package 
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Plan4DE / 
Plan4Heat 

[243]–[245] 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Local/regio
nal/national 
authorities 

and 
facilitators 
or building 
professional

s 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

o Cost comparison 
o Density threshold cost 

curve 
o Emissions 
o Heat demand 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tables 
Graphs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Building 
sector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Open source 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

System 
level 

simulation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Annual 

Full-name: 
Plan for District Energy 

Plan4DE is a tool designed to help planners 
allow district energy. The tool is used to 

analyse if district energy would be suitable 
for a certain, existing area (e.g. city, town or 
neighbourhood). If the analysis would show 
that it is not suitable, the tool will provide 
support by calculating additional buildings 

needed for such case. 

Inputs: district area, climate zone, total 
building floor-space, and total number of 

buildings 

Outputs: cost comparison, density threshold 
cost curve, emissions 

Plan4Heat is designed to evaluate how 
building density and energy efficiency in 

buildings interact with heating systems and 
heating solutions in terms of cost efficiency 

and environmental impact in an early 
planning stage. The tool can help to identify 

alternative ways for the development of a 
district. These alternatives can then be studied 

in detail with other tool and calculations. 
Plan4Heat can contribute to show the need 

for connection to district heating, evaluation 
of the conditions for geothermal heating or 
reservation for areas for the construction of 

local heating plants. Thus, the tool can 
contribute to increased co-planning of 

excavation. 

 
 
 
 
 
 

  
 
 
 
 

 
o Electricity 
o Heat 
o Gas 
o Conventional generation 
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PLEXOS 
[79], [246] 

 
Single-

project to 
global 
energy 

system tool 

o Renewable energy 
technologies 

o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
o Emissions 

 

 
 

Text files 

 
 

Building 
Transport 
Industry 
sector 

 
 

Commercial 
source 

 
 

System 
level 

simulation 

 
Minutes to 

hourly basis 
(maximum: 
user-defined 

one day to 50+ 
years) 

 
Full-name: 

PLEXOS Integrated Energy Model 
 

PLEXOS is a powerful modelling tool that is 
able to provide insights about the policies 

implementation of Power and Gas markets. 

 
 
 
 

POLES 
[79], [247] 

  
 
 
 

Global (66 
regions) 
energy 

system tool 

 
o Electricity 
o Fuels 
o Conventional generation 
o Renewable energy 

technologies 
o Pumped hydro storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
o Emissions 
 

 
 
 
 

Graphs 
Tables 

 
 
 
 

Electricity 
Heat 

Transport 
sector 

 
 
 
 

No 
information 

available 

 
 
 
 

Scenario-
based 

 
 
 
 

Annual 
(maximum: 

2050) 

 
 

Full-name: 
Prospective Outlook on Long-term Energy 

Systems 
 

POLES is an energy model on a global scale, 
including the complete energy system with a 

wide range of technologies and prices for 
each of these. 

 
 

 
 
 
 
 
 
 

Polysun 
[248] 

  
 
 
 
 
 
 

Regional 
energy 

system tool 

 
o Energy systems 
o Building energy analysis 
o Energy supply/demand 
o Photovoltaics 
o Solar thermal 
o Energy storage 
o Boiler (oil, gas, wood) 
o Heat pump 
o Chiller 
o Heating energy demand 
o Fuel consumption 
o Monthly energy 

demand/losses 
o Building dimensions 
o E-mobility 
o Investment costs 
o Net present value 
o Energy production costs 

 
 
 
 
 
 
 

Complete 
model 
Graphs 
Tables 

Report files 

 
 
 
 
 
 
 

Electricity 
Heat 

Transport 
sector 

 
 
 
 

 
 
 

Commercial 
source 

 
 
 
 
 
 
 

System  
level 

simulation 

 
 
 
 
 
 
 

Dynamic 
(hourly basis) 

Polysun is available in four different 
versions: 

 
Polysun Premium –  This tool offers over 
1000 different energy concept templates, 
including large-scale applications for the 
design of entire energy systems. In these 
templates, hotels, residential buildings, 
manufacturing, etcetera are included. 

Moreover, calculations estimating 
profitability are offered and worldwide 

weather data is available. Integration with 
MATLAB is available. Free trial version 

available for 30 days.  
 

Polysun Designer –  This tool offers over 
1000 different energy concept templates with 
integration of systems for cross-sector energy 
use.  This version offers the user to design a 
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o Energy supply costs 
o Yearly maintenance costs 

wide range of energy providers, as stated 
below. 

 
Polysun Designer Solar Heat & Power – This 
tool offers over 700 different energy concept 
templates including the same features as in 

Polysun Designer. 
 

Polysun Designer Solar Thermal – This tool 
offers over 700 different energy concept 

templates primarily for the design of solar 
thermal systems. Polysun is suitable for users 

to efficiently simulate photovoltaic, solar-
thermal and geothermal systems.   The 

following energy providers are available in 
the model: 

 
Photovoltaics – types: photovoltaics, 

photovoltaic thermal (PVT) hybrid solar 
collectors. 

 
Solar thermal –types: solar thermal, process 

heat, photovoltaic thermal (PVT) hybrid solar 
collectors. 

 
Heat pump – types: air-water heat pump, 
ground water loop + heat pump, ground-

source loop + heat pump, heat pump system 
module. 

 
Chiller – types: compression, adsorption, 

absorption, passive. 
 

 
 

 
PowerGAM

A 
[79], [249], 

[250] 

  
 

 
Regional to 

national 
power 

system tool 

 
o Electricity 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Marginal costs 
o Energy supply/demand 

 
 

 
Text files 

 
 
 

Electricity 
sector 

 
 
 

Open source 

 
 
 

System 
level 

simulation 

 
 
 

Hourly basis 
(maximum: 
usually one 

year) 

 
Full-name: 

Power Grid and Market Analysis 
 

The model is a simulation tool for power 
system grid and market analyses and is 

written in Python. PowerGAMA is able to 
simulate the integration of renewable energy 

technologies in extensive power systems.  
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The tool is not designed to account for any 
power market subtleties (start-up costs, 
forecast errors, unit commitments, and 

limited ramp rates).  
 

 
 
 
 
 

PRIMES 
[79], [251]–

[253] 

  
 
 
 
 

National 
energy-

system tool 

 
o Energy systems 
o Conventional generation 
o Energy supply/demand 
o Energy efficiency 
o Energy policies 
o Renewable energy 

technologies 
o Energy storage 
o Electricity market 
o Emissions 
o Industry/Production 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
 

 
 
 
 
 

Graphs 
Tables 

 
 
 
 
 

Electricity 
Heat 

Building 
Transport 
Industry 
sector 

 

 
 
 
 
 

No 
information 

available 

 
 
 
 
 

Scenario-
based 

 
Partial 

equilibrium 
model 

 
 
 
 
 

Five-year time-
steps 

 
 

Full-name: 
Price-Induced Market Equilibrium System 

 
PRIMES is a national energy system-tool, 

used to provide comprehensive forecasts of 
energy supply and demand, prices and future 
investments, and models the complete energy 

system. Moreover, emissions can be 
estimated for each country in Europe, where 

all sectors are addressed. 
 
 

 
 
 
 

ProdRisk 
[79], [254] 

 
 
 
 

One week of 
training is 
required. 

 
 
 
 

National 
energy-

system tool 

 
 
 
 

o Optimisation 
o Hydro-thermal systems 
o Electricity market 

 
 
 
 

Graphs 
Tables 

 
 

 
 

Electricity 
sector 

 
 

 
 

Commercial 
source 

 
 
 
 

Scenario-
based 

 
 
 
 

Hourly basis 

 
Only the electricity sector is modelled by 

ProdRisk. 
The model simulates four technologies: 

• Thermal power plants 
• Wind power 
• Hydro generation 
• Pumped heat electrical storage 

 
No costs or emissions are calculated. 

 
 

 
 

PyPSA 
[79], [255] 

  
 

Local to 
continental 

energy-
system tool 

 
 

o Energy systems 
o Electricity market 
o Conventional generation 
o Renewable energy 

penetration 
o Optimisation 

 
 

Line loading 
Nodal prices 

Map of 
reactive 
power 
Graphs 

 
 

Electricity 
Heat 
sector 

 
 
Open source 

 
 

System 
level 

simulation 

 
 

Dynamic 
(hourly basis), 

(maximum: one 
year) 

 
The tool can be integrated with Python. A 

detailed description of PyPSA can be found at 
[255]. 

 
Full-name: 

Python for Power System Analysis 
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o Emissions 
o Capital cost 
o Marginal cost 

Charts 
Tables 
AC-DC 
hybrid 

network 
 

 
 

RAMSES 
[256] 

 
 

One week of 
training is 
required. 

 
 

Global and 
Internationa

l energy-
system tool 

 
o Industry/Production 
o Electricity market 
o District heating 
o Energy consumption 
o Renewable energy 

penetration 
o Emissions 
o Storage 

 

 
 

Complete 
model 
Graphs 
Tables 

 
 

Electricity 
Partly the 
heat sector 

 
 

Not sold to 
external users 

 
 

System 
level 

simulation 

 
 

Hourly basis 
(maximum: 30 

years) 

 
 

RAMSES is a modelling tool for simulating 
electricity and district heating production. 

 
 

RAPSim 
[79] 

  
 

Local 
building 

simulation 
tool 

 
 

o Wind power 
o Solar power 
o Electricity 
 

 
 

Complete 
model 
Graphs 
Tables 

 
 

Building 
sector 

 
 

Open source 

 
 

System 
level 

simulation 

 
 

Minutes 
(maximum: 

multiple days) 

 
 

No emissions, no costs and no energy storage 
technologies are included. 

 
Full-name: 

Renewable Alternative Powersystems 
Simulation 

 
 

 
 
 
 

ReEDS 
[257]–[259] 

  
 
 
 

Regional / 
Local 

community 
or single 
project 
energy-

system tool 
 

Calibrated 
to the U.S 

 
o Renewable grid integration 
o Energy production & 

consumption 
o Electricity generation 
o Emissions 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Transmission systems 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
 

 
 
 
 

Graphs 
Tables 

 
 
 
 

Electricity 
sector 

 
 
 
 

Open source 

 
 
 
 

Scenario-
based 

 
 
 
 

Dynamic (17 
time-slices) 

 
 

The focus area is renewable energy. The tool 
has the ability to model electric power 

generation technologies and transmission 
infrastructure throughout the United States. 

 
Tidal power and hydrogen storage are not 

included. 
 

Full-name: 
Regional Energy Deployment System 
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REFlex 
[260], [261] 

   
 
o Energy supply/demand 
o Renewable energy 

penetration 
o Energy storage 
o Industry/Production 
o Prices/Costs 
o Solar power 

 
 

Model of 
operational 

needs 
Graphs 
Tables 

 

 
 

Industry 
sector 

 
 

No 
information 

available 

 
 

System 
level 

simulation 

 
 

Hourly basis 

 
The tool evaluates the limits of variable 

renewable generation as a function of system 
flexibility. Moreover, it can evaluate the role 
of introducing technologies such as demand 
response and energy storage. The focus area 

is solar power. 
 

Full-name: 
Renewable Energy Flexibility Model 

 
 

 
ReMIND 

[79], [262]–
[266] 

  
 

Global (11 
regions) 
energy 

system tool 

 
o Electricity 
o Heat 
o Hydrogen 
o Fuels 
o Coal, gas, oil, uranium, 

biomass 
o Hydropower 
o Solar power 
o Wind power 
o Geothermal 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 

 
 

Graphs 
Tables 

 
 

Building 
Industry 

Transport 
sector 

 
 

No 
information 

available 

 
 

Partial 
equilibrium 

model 

 
 

5 years until 
2060, 10 years 
until 2110 & 20 

until 2150 
(maximum: 

2150) 
 

 
Full-name: 

Regional Model of Investments and 
Development 

 
REMIND is a multi-regional model on a 
global scale, including macro-economics, 

energy system modelling, water demand, air 
pollution, health effect and land-use, etcetera. 

 
The tool is programmed in GAMS. 

 
 

REMix 
[79], [267] 

  
 

Regional (in 
Germany) to 
National (in 

Europe) 
energy 

system tool 

 
o Electricity 
o Heat 
o Hydrogen 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
 

 
 

Maps of 
potential 
resource 

distribution 
Graphs 
Tables 

Transmission 
line capacities 

 
 

Electricity 
Heat 

Transport 
sector 

 
 

No 
information 

available 

 
 

Scenario-
based 

 
 

Hourly basis 
(maximum; 
usually one 

year) 

Full-name: 
Renewable Energy Mix 

 
The REMix model is able to account for the 
following power generation technologies: 

 
• Solar Photovoltaic 
• Concentrating Solar Power 
• Wind onshore 
• Wind offshore 
• Run-of-river hydro 
• Reservoir hydro 
• Biomass steam turbines 
• Biomass steam turbines 
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• CHP - Biogas and geothermal 
plants 

• Residual (natural gas turbines)  
 
The following storage technologies can be 
included in the modelling process: 
 

• Pumped hydro power storage 
• Advanced adiabatic compressed air 

energy storage 
• Hydrogen storage 

 
 
 

renpass 
[79], [268] 

  
 

Regional to 
National 
(Western 
Europe) 
energy 

system tool 

 
o Conventional generation 
o Hydropower 
o Wind power 
o Solar power 
o Run-of-river 
o Electricity 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 
 

Graphs 
Tables 

Weather data 
points 

Power curves 

 
 

Electricity 
Heat 

Transport 
sector 

 
 

Open source 

 
 

Scenario-
based 

 
 

Hourly basis 
(maximum; one 

year) 

 
 

Full-name: 
Renewable Energy Pathways Simulation 

System 
 

The tool offers an optimisation of the 
operational and the transmission processes 
but it cannot optimise the overall system 
configuration. This is because investment 

decisions are not included in the algorithm. 
 

 
 
 
 
 

REopt 
[269]–[271] 

  
 
 
 
 

All scales. 
Calibrated 
to the U.S 

 
 

 
o Energy systems 
o Optimisation 
o Cost savings 
o Renewable energy 
o Conventional generation 
o Energy storage 

technologies 

 
 
 
 
 

Tables 
Graphs 

 
 
 
 
 

All stages 

 
 

Not sold to 
external users. 

NREL 
(National 

Renewable 
Energy 

Laboratory) 
internal only 
(free version 

available with 
limited 

features: 
REopt Lite 

Web Tool, see 
below) 

 
 
 
 
 

Scenario-
based 

 
 
 
 
 

Hourly basis 

 
The model is a techno-economic decision 
support tool that has the ability to optimise 
energy systems for buildings, campuses, 

communities, and microgrids. 
 

REopt can identify the most cost-effective 
ways to meet energy goals. Moreover, the 

tool can estimate the cost of achieving these 
goals, and provide a model as guidance for 
organizations to successfully implement the 
most economically feasible and technically 

suitable options. 
 

Multiple sites are evaluated. Customization is 
available with regards to rate tariffs and load 

types. 
 

Technologies evaluated are: 
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o Photovoltaics (PV) 
o Solar hot water 
o Solar ventilation preheating 
o Wind energy 
o Biomass 
o Landfill gas 
o Ground-source heat pumps 
o Battery storage 
o Conventional generators 

 
Full-name: 

Renewable Energy Integration and 
Optimization 

 
 
 
 
 

REopt Lite 
Web Tool 

[270] 

 
 

Easy to learn 
as only values 
are needed to 
be entered on 
the website 

for the 
simulation to 

run and 
provide data. 

 
 
 
 

All scales 
Calibrated 
to the U.S 

 
 
 
 

o Solar photovoltaics (PV) 
o Wind energy 
o Battery storage for 

commercial buildings 

 
 
 
 

Tables 
Graphs 

 
 
 
 

All stages 

 
 
 
 

Open source 

 
 
 
 

Scenario-
based 

 
 
 
 

Hourly basis 

 
The tool is suitable for commercial 

building managers. 
 

The tool has the ability to: 
o Assess the economic feasibility of grid-

connected PV, wind, and battery storage at 
one single site. 

o indicate system sizes and battery dispatch 
strategies for optimisation and to lower 

energy costs. 
o Perform an approximate calculation of 

how long a system can manage critical 
load during a grid outage. 

 
 
 
 
 
 

RETScreen 
[79], [272] 

  
 
 
 
 

All scales 

 
o Energy systems 
o Conventional generation 
o Emissions 
o Industry/Production 
o Sensitivity analysis 
o Renewable energy 

technologies 
o Battery energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 

 
 
 
 
 

Cost analysis 
sheet 

Graphs 
Tables 

 
 
 
 
 

Building 
Industry 
sector 

 
 
 
 
 

Open source 

 
 
 
 
 

Scenario-
based 

 
 
 
 
 

Monthly basis 
(maximum: 50 

years) 

 
RETScreen is a model used to simulate 

renewable energy and cogeneration project 
analysis, including an energy performance 
analysis evaluating the energy efficiency of 

the system. 
 

The transport sector is not considered. There 
is also a premium version available called 

RETScreen Expert. 
 

Full-name: 
Clean Energy Management Software 
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RPM 
[273], [274] 
 
 

  
 

Regional 
power 
system 

Calibrated 
to the U.S 

 
o Electricity market 
o Renewable energy 

penetration 
o Optimisation 
o Storage technologies 
o Transmission 
o Solar and wind spatial 

resource regions 
 

 
 

Tables 
Graphs 

 
 

All stages 

 
 

No 
information 

available 

 
 

Scenario-
based 

 
 

Hourly basis 
(maximum: 20 

years) 

 
Optimisation can be performed for least-

cost investment. Integration can be 
performed with regards to transmission, 

generation and storage options for 
optimisation. 

 
Full-name: 

Resource Planning Model 
 

 
 
 
 
 
 
 
 
 
 

SAM 
[79], [275] 

  
 
 
 
 
 
 
 
 

Single-
system 
energy 

system tool 

 
 
 
 

 
o Electricity 
o Biomass 
o Solar power 
o Solar thermal 
o Concentrated solar power 
o Wind power 
o Geothermal 
o Battery energy storage 
o Thermal energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
 

 
 
 
 
 
 
 
 
 

Reports for 
performance 
and finances 

 
 
 
 
 
 
 
 
 

Electricity 
Heat 

Building 
 

 
 
 
 
 
 
 
 
 

Open source 

 
 
 
 
 
 
 
 
 

System-
level 

simulation 

 
 
 
 
 
 
 
 
 

Sub-hourly 
basis (more 
often than 
hourly), 

(maximum: one 
year or lifetime 

for PV & 
batteries) 

 
Full-name: 

System Advisor Model 
 

SAM is a techno-economic model for 
simulating and supporting decision making 

within the renewable energy industry. 
 

The input parameters can be obtained through 
the interaction with Microsoft Excel 
spreadsheets. The tool can run with 

Windows, Mac OS X, and Linux. The tool is 
constructed in such a way that it provides one 
performance model and one financial model 

for simulate a project supporting the 
penetration of renewable energy technologies. 
 
The input parameters include: 
o Costs of operating and installing the 

system 
o The location of the project 
o Technologies to be accounted for in the 

system 
o Financial assumptions 

 
 
 

SIMPOW 
[79], [276] 

  
 

Single-
system to 

local power 
system tool 

 
 

o Electricity 
o Conventional generation 
o Renewable energy 

technologies 

 
 

Frequency 
domain 
analysis 

Fault analysis 
Power-flows 

 
 

Electricity 
Industry 
sector 

 
 

Commercial 
source (free 

demo version 
available) 

 
 

System 
level 

simulation 

 
 

Milliseconds 
(maximum: 

seconds) 

 
No emissions or costs can be calculated. The 
tool is highly suitable for dynamic simulation 

of power systems. 
 

Full-name: 
Simulation of Power Systems 
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SimREN 
[277] 

  
 
 
 

National 
energy-

system tool 

 
 

 
o Energy supply/demand 
o Renewable energy 

penetration 
o Thermal generation 

 
 
 
 

Graphs 
Tables 

 

 
 
 
 

Electricity 
Heat 

Partly the 
transport 

sector 

 
 
 
 

Not sold to 
external users 

 
 
 
 

System 
level 

simulation 

 
 
 
 

15-minute time 
steps 

 
All thermal generation and renewables can be 

simulated using the model except for wave 
and tidal power. 

 
No transport technologies are considered. 

 
The simulation uses real measured weather 

data for a complete year. 
 

Full-name: 
Simulation of Renewable Energy Networks 

 
 
 

Simscape 
Electrical 

[278] 

  
Specialized 
electronic, 

mechatronic
, and 

electric 
power 

system tool 

 
o Electric power systems 
o Smart grids 
o Renewable energy systems 
o Generation, conversion, 

consumption and 
transmission of electric 
power at grid level 
 

 
 

Complete 
models 
Graphs 

 
 

All stages 

 
 

Commercial 
source 

 
 

Scenario-
based 

 
 

Dynamic 

 
The tool can be integrated with MATLAB to 
parameterize models, and with SIMULINK in 
design control systems for electrical systems. 

Mechanical, hydraulic, thermal, and other 
physical systems can be integrated into the 

model. 
 

 
 
 
 
 

 
Simulation

X 
[17], [279]–

[281] 

 
 

 
 

Basic 
knowledge in 

energy 
engineering. 
Experiences 
in Modelica 

and 
SimulationX 
are beneficial 

 

 
 
 
 
 

 
Regional to 

global 
energy 

system tool 

 
 
o Energy systems 
o Renewable energy systems 
o E-mobility including 

charging stations 
o Building energy analysis 
o Thermal energy storage 
o Battery energy storage 
o Industry/Production 
o Integrated solutions 
o Weather data files 
o Heat pumps 
o Prices/Costs 
o Optimisation 
o Drag-and-drop-functions 

 
 
 
 
 
 

Graphs 
Reports 

Energy flow 
diagrams 
Complete 

model 

 
 
 
 
 
 

Electricity 
Heat 

Transport 
sector 

 
Commercial 

source (free to 
try) 

 
License for 
one year: 

 
6 900 EURO 

 
Purchase of 
one license: 

  
17 250 EURO 

+ 3 350 
EURO per 

year for  
support & 

maintenance 
 
 

 
 
 
 
 
 

Scenario-
based 

 
 
 
 
 
 

Dynamic (down 
to seconds) 

 
The tool offers quick and reliable modelling, 
calculation and analysis of energy systems. 

Power, heat and coupled networks: simulates 
generation capacity, transmission paths and 
storage accurately in different scenarios. In 
this way, efficiency of the whole system is 
increased and the full potential of available 

energy sources can be utilised. 
 

The software is easy to learn and use, making 
it very time-saving and efficient. Moreover, it 

is suitable for both small and large 
simulations. 

 
However, the tool currently lacks the ability 

to estimate emissions and calculate 
investment costs. 
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Sir3S 
(Kanew) 

[282] 
 

   
 

o Hydraulic model 
o Heat losses 
o Optimisation 
o Pipe systems 

 
 

Complete 
model 
Graphs 
Charts 
Tables 

 
 

All stages 

 
 
Commercial 

source 

 
 

System 
level 

simulation 

 
 

Dynamic 

 
 

The software can be described as a 
calculation tool. It provides tools for 

calculating, simulating, analysing and 
optimising flow processes in gas / water / 

heat supply networks, plants, pipelines and 
caves. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SIREN 
[79], [283] 

  
 
 
 
 
 
 
 
 
 
 
 
 

Regional to 
national 

electricity 
system tool 

 
 
 
 
 
 
 
 
 
 
o Electricity 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 
 
 
 
 
 
 
 
 
 
 
 
 

Virtual maps 
Graphs 
Tables 

 
 
 
 
 
 
 
 
 
 
 

 
 

Electricity 
sector 

 
 
 
 
 
 
 
 
 
 

 
 
 

Open source 

 
 
 
 
 
 
 
 
 
 
 

 
 

Scenario-
based 

 
 
 
 
 
 
 
 
 
 
 

 
 

Hourly basis 
(maximum: one 

year) 

 
The model is used to simulate electricity 

networks for a user-defined geographic area 
with the objective to increase the share of 
renewable energy.  SIREN is developed in 

Python. The tool is used to evaluate the 
potential for renewable energy generation for 
a selected electricity grid (geographic area). 

The model offers the user to: 
 

o Present the location and scale of 
renewable energy sources to meet the 
demand 

o Evaluate the optimal locations to access 
renewable energy sources by the use of 
virtual maps 

o Minimise the grid connection costs 
 
All of these features are used in order to 
assure cost-effective, efficient and secure 
energy.  

 
Full-name: 

"Sustainable Energy Now" Integrated 
Renewable Energy Network 

 
 
 

SIVAEL 
[284] 

 
 

One to two 
weeks of 

 
 

National 
energy-

system tool 

 
 

o Industry/Production 
o Fuels 
o Emissions 

 
 

Graphs 
Tables 

 
 

Electricity 
Partly the 
heat sector 

 
 

Open source 

 
 

System 
level 

simulation 

 
 

Hourly basis 
(maximum: one 

year) 

 
 

The model does not simulate heating 
demands outside of district-heating networks 

or the transport sector. 
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training is 
required. 

 

o Electricity market 
 
 

 

 
 
 
 

SNOW 
[79], [285], 

[286] 

  
 
 
 

National to 
global 
energy 

system tool 

 
 

o Electricity 
o Heat 
o Conventional generation 
o Renewable energy 

technologies 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Taxes 
 

 
 
 
 

Result files 

 
 
 
 

Electricity 
Heat 

Building 
sector 

 
 
 
 

Open source 

 
 
 
 

General 
equilibrium 

model 

 
 
 
 

Annual 
(maximum: 100 

years) 

 
Full-name: 

Statistics Norway's World model 
 

The tool is developed in MPSGE/GAMS. 
 

The model is used to study the energy and 
environmental strategies and policies for 

computing annual equilibrium levels (supply 
and demand including prices of goods, 

production factors and services). Moreover, 
the production factors include energy, capital 

and labour. The model also accounts for 
greenhouse gas emissions. 

 
 
 
 
 

stELMOD 
[79], [287], 

[288] 

  
 
 
 

National (in 
Europe) 

electricity 
system tool 

 
o Electricity market 
o Heat 
o Conventional generation 
o Hydropower 
o Wind power 
o Solar power 
o Run-of-river 
o Pumped hydro storage 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
o Optimisation 
 

 
 
 
 

Tables 
Graphs 

 
 
 
 

Electricity 
sector 

 
 
 
 

Open source 

 
 
 
 

System-
level 

simulation 

 
 
 
 

Hourly basis 
(maximum: one 

year) 

 
 

The tool is a stochastic electricity market 
model, suitable for optimisation within the 

electricity sector and has the ability to 
consider several different renewable energy 

technologies in the modelling process. 
 

A GAMS or CPLEX system is required to 
run the model, as well as a MIP solver. 

 
Full-name: 

Stochastic Electricity Market Model 
 
 

 
 
 
 

STREAM 
[289]–[291] 

 
 
 
 

A few hours 
of training is 

required. 

 
 
 
 

Regional to 
national 
energy-

system tool 

 
o Energy systems 
o Energy supply/demand 
o Prices/Costs 
o Emissions 
o Fuel consumption 
o Industry/Production 
o Thermal technologies, 
o Renewable energy 

penetration 

 
 
 
 

Tables 
Charts 

 
 
 
 

Electricity 
Heat 

Partly the 
transport 

sector 

 
 
 
 

Open source 

 
 
 
 

Scenario-
based 

 

 
 
 
 

Hourly basis 

 
 
 

Only pumped-hydroelectric energy-storage is 
considered. No hydrogen technologies are 

included in the model. All transport 
technologies can be simulated except smart 

electric-vehicles and vehicle-to-grid electric-
vehicles. The tool is based on a bottom-up 

approach. 
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o Transport 
o Storage 

 
 
 
 
 

SWITCH 
[79], [292], 

[293] 

  
 
 
 

Regional to 
national 
electric 
power 

system tool 

 
o Energy systems 
o Electricity 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
 

 
 
 
 

Graphs 
Charts 
Tables 

 
 
 
 

Electricity 
sector 

 
 
 
 

Open source 

 
 
 
 

System 
level 

simulation 

 
 
 
 

Hourly basis 
(maximum: 

2050) 

 
The design is similar to MARKAL/TIMES, 

OSeMOSYS, and MESSAGE. 
 

The model has the ability to minimise the 
cost of the present energy supply. This is 

achieved by taking advantage of commodities 
and energy technologies over a certain time to 

cover the final energy demand. 
 

Full-name: 
Solar, Wind, Transmission, Conventional 

generation and Hydroelectricity 
 

 
 
 
 

TEMOA 
[79], [294], 

[295] 

  
 
 
 

Regional 
energy 

system tool 

 
o Energy systems 
o Energy supply/demand 
o Conventional generation 
o Optimisation 
o Fuels 
o Energy efficiency 
o Emissions 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 

 

 
 
 
 

Charts 

 
 
 
 

Building 
Industry 

Transport 
sector 

 
 
 
 

Open source 

 
 
 
 

System 
level 

simulation 

 
 
 
 

Dynamic 
(Annual, with 
user-defined 
time-slices),  

(maximum: 50 
years) 

 
 
 
 

The model can be integrated with Pyomo 
(Python). 

 
Full-name: 

Tools for Energy Model Optimisation and 
Analysis 

 
 

Trane 
TRACE 

[296] 

 
General 

knowledge of 
HVAC 

engineering 
principles and 

building 
geometry is 

needed. 
 

  
 

o Building energy analysis 
o Life-cycle cost analysis 
o Thermal storage 
o HVAC systems 

 
 

3D model 
Graphs 
Tables 

 
 

Limited 

 
 

Commercial 
source 

Cost: [296] 

 
 

System 
level 

simulation 

 
 

Hourly basis 
(maximum: one 

year) 

 
 

The tool can be used in both the design phase 
of a project, and in the analysis phase. 
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TRNSYS 
[79], [297]–

[299] 

 
 
 
 
 
 

One day of 
training is 
required. 

 
 
 
 
 
 

Local 
community 

or single 
project 
energy-

system tool 
 

 
 
 

o Electricity 
o Heat 
o Hydrogen 
o Fuels 
o Energy systems 
o Building energy analysis 
o Solar energy 
o Renewable energy 

penetration 
o Solar power 
o Wind power 
o Solar thermal 
o Concentrated solar power 
o Geothermal 
o Battery energy storage 
o Hydrogen storage 
o Thermal energy storage 
o Drag-and-drop-functions  
 

 
 
 
 
 
 

Complete 
model 
Graphs 
Models 

 
 
 
 
 
 

Building 
Industry 
sector 

 
 
 
 
 
 

Commercial 
source 

 
Cost: [298] 

 
 
 
 
 
 

Scenario-
based 

 
 
 
 
 
 

Dynamic (down 
to 0.01 second 

time-steps) 
 

 
 
 
 
 
 

The transport sector, nuclear, wave, tidal and 
hydropower are not considered. 

 
No emissions or costs can be calculated. 

 
Full-name: 

TRaNsient SYstem Simulation 

 
UniSyD3.0 

[300] 

 
Only one hour 
of training is 

required. 

 
National 
energy-

system tool 

 
o Energy systems 
o Prices/Costs 
o Electricity market 
o Thermal technologies 
o Storage 
o Emissions 

 

 
 

Graphs 
Tables 

 
 

Electricity 
Transport 
Partly the 
heat sector 

 
 

Upon request 

 
 

Scenario-
based 

 
Partial 

equilibrium 
model 

 

 
 

Minute basis 
(maximum: 50 

years) 

 
 

District heating, nuclear, wave, tidal and 
electricity- and hydrogen storage are not 

considered in the model. 
 

 
 
 
 

urbs 
[301]–[303] 

 

 
 
 
 

Installation 
instructions 
provided at 

[302]. 

 
 
 
 

Local to 
national 
energy 

system tool 

 
o Electricity 
o Heat 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 

 
 
 
 

Graphs 
Tables 

 
 
 
 

All stages 

 
 
 
 

Open source 

 
 
 
 

Scenario-
based 

 
 
 
 

User-defined 
(hourly basis), 

(maximum: 
user-defined) 

 
 
 
 

The model can run with Python and Excel 
files. 
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o Operation & Maintenance 
costs 

o Fuel costs 
o Balancing costs 

 
 
 
 

Vesta 
[304] 

   
o District heating 
o Heat pumps 
o Underground thermal 

energy storage 
o District-level heat-

electricity cogeneration 
o Biomass heat-electricity 

cogeneration 
o Geothermal heating 
o Green gas 
o Costs 

 

 
 
 
 

Maps 
Graphs 
Tables 

 
 

 
 
 
 

Electricity 
Heat sector 

 
 
 

 
Open source 

 
 
 

 
Scenario-

based 

 
 
 

 
No information 

available 

 
 
 

As a forecasting tool, Vesta is able to 
determine which technology that is profitable, 

with given policy measures and prices and 
predict when and where (on a building level) 

this will happen. 

 
 

WASP 
[305]–[307] 

 
 

Four to six 
weeks of 
training is 
required. 

 
 

Global to 
national 
energy-

system tool 

 
o Electricity market 
o Emissions 
o Fuel consumption 
o Prices/Costs 
o Industry/Production 
o Renewable energy 

penetration 
o Optimisation 

 
 

Text files 
 

 
Electricity 

sector 
(primarily 
used for 
power 

generating 
system 

expansion 
planning) 

 

 
 

Not sold to 
external users 

 
 

System 
level 

simulation 

 
 

Annual 

 
Full-name: 

Wien Automatic System Planning Package 
 

The tool is suitable for power planners in 
developing countries. With WASP, the user 

can find the optimal expansion plan on a 
long-term basis for a power generating 
system, with user-defined limitations. 

 

 
 
 
 

WEM 
[79], [308], 

[309] 

 
 
 
 

Detailed 
description 
provided at 

[309]. 

 
 
 
 

Global (25 
regions) 

electricity 
system tool 

 
o Electricity 
o Heat 
o Hydrogen 
o Fuels 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Building energy market 
o Transport 
o Industry/Production 
o Investment costs 
o Operation & Maintenance 

costs 

 
 
 
 

Graphs 
Tables 

 
 
 
 

Electricity 
Heat 

Transport 
sector 

 
 
 
 

Not available 

 
 
 
 

Scenario-
based 

 
 
 
 

Hourly basis 
(maximum: 

2040) 

 
 

WEM (World Energy Model) is a tool used 
for simulating the function of energy markets. 
It can provide detailed projections either by 

sector or by region. 
 

The model contains three main modules: 
 

o Final energy consumption 
o Energy transformation 
o Energy supply 

 
Full-name: 

World Energy Model 



 

 160 

o Fuel costs 
o Balancing costs 

 
 

 
 
 
 

WeSIM 
[79], [310]–

[312] 

  
 
 
 

National to 
continental 

energy-
system tool 

 
 
o Electricity 
o Heat 
o Gas 
o Conventional generation 
o Renewable energy 

technologies 
o Energy storage 
o Investment costs 
o Operation & Maintenance 

costs 
o Fuel costs 
o Balancing costs 
 

 
 
 
 

Graphs 
Network 
models 

 
 
 
 

All stages 

 
 
 
 

Not available 

 
 
 
 

Scenario-
based 

 
 
 
 

Hourly or half-
hourly basis 
(maximum: 

multiple years) 

 
 

WeSIM is an optimisation tool and is used to 
investigate if there are any conflicts within 

flexible technologies, if the market design is 
efficient and if it can handle higher usage of 
renewable energy. Moreover, it can present 

the need of storage by presenting the 
conditions. 

 
Full-name: 

Whole-electricity System Investment Model 
 

 
WILMAR 
Planning 

Tool 
[313], [314] 

 

 
Two to three 

months of 
training is 
required. 

 
Global and 
Internationa

l energy-
system tool 

 
o Energy systems 
o Industry/Production 
o Storage 
o E-transport 
o Wind energy 

 

 
 

Graphs 

 
 

Electricity 
Partly the 
heat and 
transport 

sector 
 

 
 

Commercial 
source (not 

yet available) 

 
 

Scenario-
based 

 
 

Annual 

 
 

WILMAR Planning tool uses a Scenario Tree 
Tool (STT) and a Scheduling Model (SM). 

 

 
 
 
 
 
 

WITCH 
[79], [315], 

[316] 
 

  
 
 
 
 
 

Global (13 
regions) 
energy 

system tool 

 
o Energy supply/demand 
o Electricity 
o Heat 
o Hydropower 
o Wind power 
o Solar power 
o Concentrated solar power 
o Thermal energy storage 
o Battery energy storage 
o Balancing costs 
o Conventional generation 
o Investment costs 
o Operation & Maintenance 

costs 
 

 
 
 
 
 
 

Graphs 

 
 
 
 
 
 

All stages 

 
 
 
 
 
 

Upon request 

 
 
 
 
 
 

Scenario-
based 

 
 
 
 
 
 

Five years 
(maximum: 150 

years) 

 
 
 

The tool is suitable modelling within the 
energy sector to analyse the climate change 

issue, by including a wide range of 
technologies and commodities and providing 

investment choices. 
 

Full-name: 
World Induced Technical Change Hybrid 

model 
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9.2 Appendix B 
 
9.2.1 Short Description of LEAP 
 
LEAP is a scenario-based energy-environment modelling tool, used for energy and climate 
mitigation planning and has been adopted by a number of organisations in nearly 190 countries 
including government agencies, academics, energy utilities and companies within the energy 
sector. The tool is preferably suitable for integrated resource planning and greenhouse gas 
mitigation assessments, particularly in the developing countries and for creating development 
strategies for low emissions. The scenarios are based on a number of assumptions, such as 
technology, population, economic development, and prices to support the analysis of how 
energy for each region is generated, converted and consumed. LEAP offers flexibility in its 
user-defined level of detail and comprehensive technological specification. In Figure 57, an 
example of the layout of LEAP is presented [317]. 
 
The calculations performed by LEAP are mostly based on an annual time-step. However, 
certain results can be obtained by using smaller time-slices. The calculations of the electric 
sector can be divided into time-slices to represent types of days, seasons or times of the day. 
This finer level of temporal detail can be defined as the user desires. These time-slices are 
highly valuable as it enables the user to analyse how loads vary during the year and how the 
electric power from different power plants can be distributed in certain seasons [318].  
 
To run optimisation in LEAP, no additional software is required. The optimisation is based on 
the calculation of least-cost expansion and dispatch of power plants within an electric system. 
The optimal point is obtained by defining the lowest total net present value of the energy 
system, which is based on the social costs of the system. The model considers all years of 
calculation. This includes the base year until the end year. The optimal system is calculated 
through the software by considering important costs as a part of the system. These costs include 
[192]: 

o Capital costs (establishing new processes) 
o Fixed and variable operation and maintenance costs 
o Environmental externality values (including abatement costs or damage caused by 

pollution) 
o Fuel costs 
o Decommissioning costs or salvage values 

LEAP is capable of calculating least cost capacity expansion and dispatch of supply-side 
transformation modules by the integration of the modelling tool OSeMOSYS and the software 
toolkit GLPK (GNU Linear Programming Kit). These are both fully integrated into the user 
interface of LEAP and available as open sources. The integration makes it highly convenient 
for the user to only use LEAP, as the data files OSeMOSYS require are automatically written 
and obtained from LEAP. The results are obtained in the LEAP software and can be found as 
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Results, Energy Balance, and Cost-Benefit reports. Unit conversions are also handled by LEAP 
when writing the data files needed by the OSeMOSYS modelling tool [192]. 
 
Optimisation can be used in multiple scenarios in the process of calculating capacity expansion, 
if needed. It is also possible to specify accounting calculations in LEAP that are specifying the 
expansion pathway outside of the system. Both LEAP and OSeMOSYS can calculate capacity 
expansion pathways, that is the capacity of power plants in megawatts. These tools are also able 
to calculate process dispatch which identifies the dispatch in megawatts of each power plant 
for a user-defined time slice for each year [192]. 
 
Optimisation calculations are used by the model to identify the optimal future configuration of 
an energy system that will provide the minimum total cost to society. However, it is important 
to take into account that these pathways might not be representative to a certain country if the 
social and environmental aspects would be considered as well as a part of the assessment. For 
example, some technologies used in the model might be in conflict with the policy instruments 
in the country if the purpose is to promote diversity and ensure energy security. On the contrary, 
the accounting calculations in LEAP give the user the possibility to model an energy system 
with higher flexibility. This approach is more dependent on the user to evaluate and analyse 
what pathways that might be possible and reasonable. These suggestions might not be optimal 
in terms of finding the least-cost option [192]. The key steps to set up the optimisation can be 
found at [319]. 
 

 
Figure 57. Layout of LEAP. 
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9.2.2 Purposes with the LEAP Software 
 

o As a database, the model offers a comprehensive system for managing energy 
information. An example of a tree structure for an energy system in LEAP is presented 
in Figure 58. 

o As a forecasting tool, it enables the possibility for the user to make predictions of supply 
and demand of energy on a long-term basis. 

o As a policy analysis tool, it evaluates and simulates the technical, economic, and 
environmental effects, about energy programme options, investments and activities. 

o LEAP is used to predict the status of the supply and demand in the energy sector to 
present future patterns, analyse potential problems, and evaluate the possible impacts of 
energy policies [317].  

 
Figure 58. Example of a tree structure for an energy system. 

9.2.3 Short Description of HOMER 
 
HOMER is a simulation model with the ability to simulate in time steps ranging from minutes 
to hours for a complete year [320, p. 1] and has been downloaded by 140 000 users all over the 
world [321]. HOMER Pro is a microgrid software and offers optimisations of microgrid design 
in several sectors, ranging from islands and village power to military bases and campuses 
connected to the grid [320, p. 2]. The tool can be used for optimizing energy systems by 
analysing all potential combinations of system characters in one simulation run. Moreover, it 
arranges the systems in accordance with the optimisation variable of choice. In HOMER Pro, 
there is a new optimisation algorithm available that allows the design process to run 
considerably easier for analysing least-cost options for microgrids or alternative distributed 
electrical power systems. HOMER Optimizer is an optimization algorithm and created to work 
particularly in the HOMER software [321].  
 
HOMER has been established on the market as a modelling tool for energy systems for more 
than 20 years. The tool is used to find economically feasible options for microgrids and 
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distributed generation systems, by using a reliable and proven algorithm. The algorithm is 
described as a “modified grid search”. The grid search approach is highly useful for well-
experienced users, specialized in microgrids. However, the approach might be difficult to 
manage by new users and has been used to assess over 100 000 systems in more than 190 
countries.  

The purpose with the HOMER software is to find the least cost combination of necessary supply 
for frequently meeting the electric load. There are multiple ways to simulate the different 
combinations of supply available within the software tool which provides numerous cases for 
the user. For every case that HOMER takes into consideration, the programme is required to 
simulate an electrical system in consecutive time for one year. With this approach by using 
modified grid search, it is needed to specify every possible alternative as a user for searching, 
while HOMER Optimizer is not doing that. The required information is a location, cost 
estimations of certain components and the extent of the electrical load needed to be distributed. 
Default costs for all technologies are available in the modelling tool for simulating a first draft 
[321]. The layout of the model is presented in Figure 59. 

HOMER Optimizer considers both off-grid and grid-connected systems. The model contains 
photovoltaic systems, inverters, batteries, wind turbines and diesel generators, and when a list 
of possible systems is obtained by HOMER Optimizer, more details can be entered by the user 
about the sizes. In the next step, the model is iterated to make a better representation of a 
reasonable, basic design. Despite the fact that HOMER Optimizer uses a more responsive 
algorithm by allowing higher flexibility for optimisation, it might lead to a false optimum in 
reality. This is as a result of the application of several optimisation algorithms in electrical 
systems. The robustness with the common Homer model is obtained by its ability to consider 
all possible combinations of the user-defined equipment, avoiding falling into a false optimum 
[321]. 

HOMER is a scenario-based tool and offers the possibility to perform sensitivity analyses in 
order to make comparisons between different systems considerably easier. The features enable 
the user to evaluate the impact from certain variables, for example fuel costs and wind speed. 
The sensitivity analysis recognizes the changes in the optimal systems because of these certain 
variations [320, p. 3]. The model consists of nine add-on modules and can be added and 
customized, based on the requirements defined by the energy system that will be designed [320, 
p. 4]. The add-on modules are supplementary features than can be added for additional costs 
for each and one of these, to obtain a more powerful modelling tool. The additional cost for 
each module is based on a single-user annual license and written in parenthesis in the list of the 
available add-on modules below [322]: 

o Biomass ($75/year)  
o Hydro ($75/year) 
o Combined Heat and Power ($175/year) 
o Advanced Load ($175/year)  
o Advanced Grid ($175/year) 
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o Hydrogen ($175/year) 
o Advanced Storage ($175/year) 
o Multi-Year ($175/year) 
o MATLAB Link ($175/year) 

 
HOMER Pro is designed to allow the user to enter specific input values to the extent that is 
known, and from there, let the model search for the remaining data that is needed to construct 
a functional model. An example could be if the solar photovoltaic that can be used is known by 
the user, specific data can be entered based on a certain area and for the storage size needed, 
HOMER will search for a suitable solution. This feature is enabled by a proprietary algorithm, 
developed by the creators of the tool [321].  Approximately one day of training is required to 
learn how to perform a typical analysis, which makes it possible for users to learn by using the 
programme. HOMER covers an analysis from the electricity, heat and transport sector. The 
model has some limitations, where no storage or networking and no solar thermal sources are 
included in the model [140]. Moreover, HOMER does not model a heat pump [323]. The 
pricing of the Homer software can be found at [324]. 
 

 
Figure 59. Layout of Homer [325].  

9.2.4 Purposes with the Homer Software 
 
In this section, the key features of the Homer Pro software will be listed [326]: 
 

o Project information and setup 
- Including: possibility to locate project on map, view system schematic, AC and 

DC buses, copy component from model to library, linked sensitivities, 
international currency and number formats, compare scenarios, hybrid power 
system design. 
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o Components 
- Including: microgrid controller, maximum 20 generators, up to ten solar PV 

arrays, two wind turbines, maximum ten batteries, flywheel, DC/AC converter, 
grid, hydrokinetic, hydro (add-on module), boiler (add-on module), thermal load 
controller (add-on module), reformer (add-on module), electrolyzer (add-on 
module), hydrogen tank (add-on module), hydrogen fuel cell (add-on module). 

 
o Loads 

- Including: electrical load, deferrable load (add-on module), thermal load (add-
on module), hydrogen load (add-on module), easy to enter data with typical load 
profiles, import data, read from library, build from measured data. 
 

o Resources 
- Including: fuels (diesel, gasoline, ethanol, propane, methanol, natural gas, 

biodiesel, biogas, hydrogen, and user-defined fuels), import solar global 
horizontal irradiance (GHI), solar direct normal irradiance (DNI), wind, 
temperature, biomass (add-on module), hydro (add-on module), hydrokinetic. 
 

o System control 
- Including: time step size (1 to 60 minutes), weight minimization option, fuel 

minimization option, dispatch strategies. 
 

o Results 
- Including: results tables, sensitivity tables, optimization table, sort and filter 

results on desired metric, cost summary, comparative economics for return on 
investment (ROI) and internal rate of return (IRR), cash flow for general 
electrical outputs, outputs for each component, summary report, plots (scatter 
plot, time series plot, delta plot, surface plot, line plot, spider plot, optimisation 
plot, optimisation surface plot), emissions, multi-year results with year-by-year 
results (add-on module). 
 

o Economics sensitivity variables 
- Including: annual nominal interest rate, project lifetime, system fixed capital 

costs, project lifetime, expected inflation rate, system fixed operation and 
maintenance costs, capacity shortage penalty. 
 

o Emissions 
- Including: carbon dioxide, carbon monoxide, sulphur dioxide, nitrogen oxides, 

particulate matter.  
 

o Constraints (in percent) 
- Including: maximum annual capacity shortage, minimum fraction of renewable 

energy, operating reserve (as percentage of peak, current load, wind, and solar). 
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9.2.5 Short Description of OSeMOSYS 
 
OSeMOSYS is a modelling tool provided as an open source that is suitable for long-run 
integrated assessment within the energy sector. It is described as a deterministic linear 
optimisation tool with the ability to minimise the total discounted costs. The software is 
powerful in the way that it has the ability to model energy systems from villages, regions and 
countries to continents. It also covers all energy sectors: electricity, heat, and transport. An 
overview of the OSeMOSYS model is provided in Figure 60. The features behind the tool are 
easy to learn and adapted for academics, modellers, developers and policy makers, which makes 
it a highly useful tool in many divisions. Moreover, it is recognized to be transparent and 
because of that, it is extensively used as a training tool and has been disseminated to many users 
[327]. 
 
The modelling tool is constructed to analyse the development of energy strategies at different 
scales and demands are defined exogenously for the input values of energy services. Multiple 
technologies from a wide range of resources can be included to meet the demand. Scenarios 
can be used to consider the technical limitations, financial assets and environmental objectives 
to consider the policy instruments set by the region or country. It is common for long-term 
optimisation models that ideal foresight and competition is considered on energy markets. This 
is also the case for the OSeMOSYS modelling tool. Moreover, the technology definition offered 
by the model is highly flexible as a technology can consist of fuel use and conversion, including 
extraction of resources and processing, as well as generation, distribution and transmission. 
Examples could be an oil refinery, a heating system or a hydropower plant, which shows the 
wide range of technologies that can be considered in the model. The flexibility allows the user 
to define technologies that can both consume and produce a mix of fuels. These technologies 
can consider multiple parameters from a technological, economic, and environmental 
perspective, including [327]: 
 

o Investment costs 
o Operating costs 
o Efficiencies 
o Availabilities 
o Emission profiles 

 
The Model Management Infrastructure (MoManI) is an open source interface and browser-
based tool, suitable for modelling energy systems. Common for both OSeMOSYS and MoManI 
is that the models are adapted to all kinds of users. OSeMOSYS can operate through MoManI 
and work as a complement to examine and design scenarios, create models and modify data for 
visualizing results. The structure is easy to understand and enables the possibility for users all 
around the world to work on and edit the same model in the process [328].  
 
From the beginning, OSeMOSYS was written in the language GNU MathProg. Currently, it is 
rewritten in Python and GAMS programming languages. This action was taken to make the 
tool more widespread, and thus, reaching out to more users from different levels of expertise 
[329]. OSeMOSYS is integrated into LEAP and allows the user to take advantage of a number 
of optimisation features regarding capacity expansion planning of power plants in OSeMOSYS 
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[12]. In [12], there are multiple PowerPoint presentations available describing conventional 
generation, renewable energy technologies, and energy storage solutions that can be modelled 
in OSeMOSYS. In [327], a detailed description of OSeMOSYS can be found for further 
reading. 
 
9.2.6  Purposes with the OSeMOSYS Software 
 
The input parameters of OSeMOSYS are [327]: 
 

o Costs 
- Including: technology costs, fuel costs/prices, capital costs, operation & 

maintenance costs. 
o Efficiency 
o Ramping characteristics 
o Emission factors 
o Production targets (number of units or the quantity of output that is expected to be 

produced in the next financial period) 
o Investment constraints 
o Specific constraints based on the region or country 
o Taxation on emissions 
o Available or potential primary resources 
o Electricity demand predictions 

 
The modelling process is based on three phases: 
 

o Data collection 
- Entering input parameters 

 
o Data pre-processing 

- Enter assumptions in lack of data 
- Validate data 

 
o Model calibration 

- Determine the start year for the modelling process 
- Adjust inputs in such a way that modelling outputs resemble truly existing 

performance 
 
The following questions can be answered by OSeMOSYS [327]: 
 

o What technologies are expected to be phased out? By when will this happen? 
o What are optimal investments in new technologies to be expected to meet the future 

demand? 
o When should the investment take place? 
o What are the fundamental generation technologies in the total energy mix? 
o Are there any capacities not being utilised?  
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o What costs will be generated from the energy system? 
 
 

 

 
Figure 60. An overview of the main features in OSeMOSYS [330]. 

 
9.2.7 Short Description of SimulationX 
 
SimulationX has a wide range of features available, where users can design and simulate energy 
systems, energy storages, HVAC systems and belt conveyor systems for example. It is easy to 
learn and use, which makes it very time-saving and efficient, suitable for both small and large 
simulations. This modelling tool has the ability to simulate intelligent energy systems for both 
individual buildings and urban districts in time-steps down to seconds. The system simulation 
allows the user to plan and optimise complex systems for smart homes and entire districts. 
Moreover, reliable and efficient planning can be performed using different types of renewable 
energy technologies, energy storage, energy sources, as well as distribution and consumers [16]. 
 
It is of great importance to understand how heat and power generation, combined with storage 
and distribution all together create a connected system. For instance, in a combined heat and 
power plant, it is possible for heat to be provided by using rejected heat. Furthermore, heat 
pumps and electric heaters can be used where the power from a CHP plant is converted to heat. 
By combining both heat and power in the planning phase, energy losses can be minimised, and 
a potential financial benefit can be achieved as a result of the merger. For the most part, it is 
efficient to store power that exceeds the prescribed or desirable amount of heat demanded. 
SimulationX provides an overview of complicated energy systems by combining different 
sectors in the same model. The tool creates an understanding of the effect of each element that 
constitutes the system. Moreover, valuable information is acquired when it comes to selecting 
the most suitable technology [16].  



 

 170 

 
For the entire energy system, electric vehicles are highly important as they consume and store 
energy, and where they can work as a source as well. Additionally, analyses of the effects of 
recuperation in the power grid are also needed, where electric vehicles can be utilised for mobile 
energy storage. The required charging time can be regulated in relation to the accessible power. 
In addition, stand-alone charging stations based on their energy supply generated by themselves 
can also effectively and simply be simulated by the same modelling tool [16]. 
 
According to the supplier, development, testing and optimisation of individual Building Energy 
Management Systems (BEMS) can be performed including numerous climatic scenarios or 
seasons according to the requirements set by the user. The output obtained will contain 
information regarding the efficiency of the energy supply system for any of the requirements 
defined by the user. It is useful to understand which conditions are defined by the enclosing 
system to be able to choose the most suitable technology for proper dimensioning. For example, 
it can include the selection of the optimum storage capacity, where storage system, the length 
of action, required charge and discharge powers, and how many cycles are needed, all are 
parameters that need to be considered [16]. 
 
Moreover, energy supply and storage systems for smart control of the demand in either self-
sufficient or semi-self-sufficient systems are possible to be designed smaller in the 
dimensioning process, enabling a more cost-efficient planning. With the support of a simulation 
model, the equipment can quickly establish a beneficial strategy from an economic aspect for 
demand-side management. Power can be produced locally or provided by the grid. In the 
simulation process, power supply grids can be designed with user-defined requirements, where 
the grid stability can be examined with accuracy [16].  
 
SimulationX is a commercial source and supports only the Windows operating system. A 
license needs to be requested in order to get a free trial version for 30 days. Pricing is determined 
depending on the application field [17]. 
 
The Green City [18] Simulation Library contains the solutions in SimulationX that plan, 
develop, and analyse city or building energy systems. The layout of SimulationX and the Green 
City library is presented in Figure 61. The integration of Green City with SimulationX offers 
the user to [18]: 
 

o secure energy supplies 
o simulate renewable energy penetration 
o integrate energy storage technologies 
o review user behaviour and user profiles 
o utilise subsidies 
o take into account building regulations 
o simulate the requested energy system using components available in the Green City 

library 
o import appropriate measurement data for the energy demand and energy behaviour 
o analyse and verify model parameters with statistics 
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o calculate the total energy demand and the increase in renewable energy, using multiple 
system configurations 

o enable interface with Modelica® 

 
Figure 61. Layout of SimulationX and the Green City library [18]. 

9.2.8  Purposes with the SimulationX Software 
 
SimulationX is a commercial source and supports only the Windows operating system.  A 
license needs to be requested in order to get a free trial version for 30 days. Pricing is determined 
depending on the application field. The benefits of the model can be divided into three areas 
[17]: 
 

o SimulationX for Beginners 
o SimulationX for Experts 
o SimulationX for Universities 
 

There are multiple benefits with the modelling tool adapted for beginners [331]: 
 

o Quick and simple with drag and drop functions 
• Basic models integrated in the modelling tool for simulating numerous physical 

effects 
• Several hundred example models available, specifically adapted for the industry 
• Intelligible 3D views 

 
o Results can be obtained quickly 

• Each parameter can be analysed individually to study its effect on the complete 
system 
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• Multiple options available for visualization, e.g. energy flow diagrams and 
charts 

 
o Interaction with the Microsoft Office package 

 
• Visual Basic scripts are used to control simulation models with Microsoft Excel 
• Possible to import results from the simulation to Excel 
• Required input parameters can easily be controlled in Excel for the simulation 

to run 
• Reports can efficiently be produced in Microsoft Word 
 

For experts, there are several benefits a user can take advantage from [332]: 
 

o Drag and drop-functions, enabling: 
- Model elements in animation 
- 3D view 
- Graphical diagram view 
- Fast and intuitive modelling 
- Multiple pre-configured elements and model 

 
o An object-oriented and network-based workflow 

 
o Interface with Modelica® 

 
o Wide range of analysis methods, e.g. including: 

- Parameter studies 
- Linear and non-linear systems 
- Performance analysis 
- Reliability studies (FMEA, FTA) 

 
o Ability to perform pre-processing, solving, and post-processing in the same software: 

- Dynamic or fixed step sizes 
- Obtain result plots and modify parameters during the simulations 

 
o Interface with imports from CAD geometries or FEM 

 
For Universities, the following advantages can be obtained from SimulationX [332]: 
 

o Drag and drop-functions, with: 
- 500 elements available and categorized in application-specific folders 
- Approximately 300 industry-specific models in 12 engineering fields 
- Clear model structure 
- 3D view for optimal visualization and evaluation of the model structure 
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o Multiple methods for analysing both linear and non-linear systems, more specifically: 

- Equilibrium calculation 
- Power balance 
- State charts 
- Energy flow diagrams 

 
o Interface with CAD, CFD, and FEM, MATLAB/Simulink 

 
o Integrate with external databases 

 
9.2.9  Short Description of BALMOREL 
 
BALMOREL is an optimisation model for estimating investments and operation with the ability 
to minimise total system costs. It is a bottom-up, partial equilibrium model for energy system 
optimisation and is mainly focused on the electricity and district heating sectors, but also 
heating, industry and road transport. The model offers a wide graphical resolution from 
countries down to regions [333] and considers perfect competition on energy markets [82]. 
BALMOREL is based on linear programming for economic dispatch problem, and mixed 
integer programming to represent unit commitment and economies. The model addresses the 
issue by presenting the optimal way to cover the energy demand that maximises social welfare, 
in other words, consumption minus the cost of district heating and electricity generation for the 
producer, storage, distribution and transmission [333].  
 
The model is highly flexible in terms of offering user-defined spatial and temporal options. The 
final energy demands, and market prices of resources are exogenously defined parameters in 
this model. Certain resources might have a limited availability, if the system lacks access to 
interregional trade markets. In the base model of BALMOREL, energy resources are included 
that are converted to heat and electricity. Moreover, transmission and storage, together with 
related costs and losses are included that are associated with energy distribution. On the supply 
side, numerous generation technologies are included, where the commissioning and 
decommissioning, as well as planned capacity are exogenously determined. Furthermore, fuel 
efficiency, fuel types, investment costs, operation and maintenance costs, technical lifetime, 
and emissions can be specified. It is also possible to obtain a ratio between heat and power 
production if desired. Renewable energy technologies are also included with associated inflow 
and production profiles, and listed as follows [82]: 
 

o Solar power 
o Solar heat 
o Wind power 
o Run-of-river hydropower 
o Reservoir hydropower 
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Additionally, two different storage technologies can be found in BALMOREL, including both 
short-term storages of heat and electricity and long-term energy storages of heat, electricity and 
hydrological reservoirs. Energy balances are used to secure that the energy supply covers the 
demand at all times. Energy commodity prices are given for all time segments, as a result of 
the equilibrium condition [82]. 
 
9.2.10 Purposes with the BALMOREL Software 
 
The model is written in the modelling language called GAMS (General Algebraic Modelling 
System) and the model code can be extended using multiple additional functionalities, such as 
combined technologies, electric vehicles and transfer of heat. These are all called “addons”. 
These additional functionalities might affect the calculation time, and therefore, the model 
code should be adapted to the specific energy system required. There are multiple additional 
functionalities included in the model version. These addons can be downloaded at [334], 
[335]. The most important functions are listed and explained in Table 11 below: 
 

Table 11. The additional functionalities available in the BALMOREL modelling tool. 

Additional 
functionality 

(addon) 

 
Description 

Fjernvarme Enables the user to expand the district heating grid to new customers. This is performed 
endogenously. 

gas heattrans Enables the possibility to include natural gas when modelling supply or demand. Transportation of 
heat is also possible with this function, between different district heat areas. 

hydrogen Permits the user to consider hydrogen production and consumption through the user of technologies, 
e.g. fuel cells and electrolyzer. 

policies Enables the user to model numerous policies, e.g. maximum energy obtained with regards to climate 
emissions or capacity targets for specific technologies. 

REShareE Allows the user to specify the electricity consumption of the share of renewable energy for a country 
or several countries. 

REShareEH Allows the user to specify the heat consumption of the share of renewable energy for a country or 
several countries. 

unitcommitment Enables the possibility to perform detailed modelling of cycling costs for thermal power plants. 
 
The model can be divided into three phases, as a simplified illustration [82]: 
 

o Input 
- Including: resource limitations, demands, fuel prices, CO2 prices, technology 

data, policies, existing or planned capacities, and policies. 
 

o Functions & Constraints to minimise costs 
- Including: supply and demand balances, policy targets, and constraints based on 

the resource, technology, and transmission  
 
o Output 

- Including: electricity and heat generation, CO2 emissions, costs, transmission, 
fuel consumption, and investments in storage, transmission, and production 
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For the analysis, both short-term and long-term assessments are possible, including: 
 

o Base load analysis 
o Local technology potentials (heat pumps, solar thermal, geothermal heating, etcetera) 
o Short-term investment optimisations (5-15 years forward) 
o Long-term investment optimisations (30-35 years forward) 

 
The analysis will provide different scenarios or paths for development, based on the information 
listed above. The tool models an energy system with a deterministic approach, assuming ideal 
foresight. The model is not designed to capture behaviours defined by stochastic properties, as 
for example renewable energy sources that are non-dispatchable or dispatchable generation 
with forced outage. Exogenous time series are used to model production, environment, and 
consumption with a stochastic nature. The model is not able to represent forecasting issues 
imperfectly, such as wind predictions or inflow of hydro power. Political decisions related to 
energy and environmental systems are not considered in the model. Moreover, multiple issues 
associated with district heating grid and electricity transmission are not a part of the model [82]. 
An overview of the BALMOREL software can be found in Figure 62. 

 
 

Figure 62. The structure of the BALMOREL software [82]. 

 
9.2.11 Short Description of COMPOSE 
 
COMPOSE is a techno-economic operational, optimisation model for analyses of cogeneration 
plants with complex designs. The model is able to identify the optimal operational strategy of 
the plant, using mixed-integer linear programming. This way, the economic cost of heat 
production is minimised, for every year the plant operates with the restriction of values on an 
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hourly basis for heating demand, operation and maintenance costs, unit capacities, market 
prices, etcetera. Uncertainties defined by the user can be conducted through comprehensive 
Monte Carlo risk analyses, followed by results presented with a statistical representation [336]. 
A possible layout of COMPOSE can be found in Figure 63. 
 
In order for COMPOSE to offer all of the available features, it is required to install Gurobi, 
CPLEX, and the MPL Modeling System. Free academic licenses are available for these 
softwares. Moreover, Microsoft Excel is needed to be installed [337]. There are a number of 
limitations and issues to observe with the COMPOSE modelling tool: 
 

o For every option, the energy flows in COMPOSE are aggregated, based on four different 
energy carriers (electricity, heat, cooling, and fuel). A maximum of four different heat 
temperature levels can be considered. 
 

o Empirical data from thermal energy storage loss models are used to represent fuel and 
electricity storage. 

 
o The tool lacks the ability to make unit conversions. The only exception is for currency. 

Energy units are provided in kilowatt hours (kWh), mass in kilogram (kg), power units 
in kilowatts (kW), temperature in Celsius (°C), and volume in litre (L). 
 

o Investment by fuel rate has not been considered for variable efficiency. There has not 
been enough support to look more closely into that issue [338]. 

  

 
Figure 63. A possible layout of an energy system in COMPOSE [99]. 
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9.2.12 Purposes with the COMPOSE Software 
 
The purpose with COMPOSE is to help support a modelling framework through simulation 
models and establish scenarios for energy system models. The tool will serve as a basis to 
provide reliable and realistic solutions in the assessment of sustainable energy options. 
COMPOSE has the ability to analyse how suitable a user-defined energy alternative can be, by 
employing a user-defined perspective of an energy-economic system and methodology options 
freely selected by the user [99].  
 
The results obtained from the modelling tool are listed below [99]: 
 

o Operational dispatch 
o Financial costs 
o Economic costs 
o Fiscal costs 
o System-wide fuel consumption 
o CO2 emissions 
o Cost-effectiveness 
o Metrics intermittency friendliness 
o Intermittency-volume 

 
Regarding the CO2 emissions, the modelling tool is capable of offering an evaluation of the 
technical CO2 emissions in an energy option, considering marginal producers of fuel and 
electricity for each of the markets. The number of marginal producers can be defined by the 
user for both electricity and fuel. It is the corresponding marginal production costs and the spot 
market prices of energy-economy systems that decide the marginal CO2 impacts. Concerning 
intermittency-friendliness and intermittency-volume, COMPOSE can propose an evaluation of 
the interaction between a consumer or electricity producer and electricity markets, intermittent 
electricity supply and additional types of electricity demands in an energy system [99].  
 
Intermittency-friendliness can be described as a coefficient ranging from a scale -1 to 1 that 
indicates the ability of an energy option to serve as a foundation for the intermittent renewable 
technologies in the designed energy-economy system. Moreover, the coefficient can be defined 
as the statistical correlation between the net electricity demand of the designed system (the 
electricity demand subtracted with the intermittent electricity supply) and the electricity 
exchange of the energy option with the electricity market of the energy-economy [99]. 
 
Intermittency-volume is defined by a coefficient that describes the consumption of electricity 
in the market range, that is below the average value of the electricity price or the share of the 
consumed electricity of the average within the interval for the total electricity consumption 
[99].  
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9.2.13 Short Description of WEM 
 
The World Energy Model (WEM) is a modelling tool with the ability to cover the entire global 
energy system. The data concerning energy supply, demand, transformation, and energy prices 
are provided in the database of the International Energy Agency (IEA) for statistics regarding 
energy and economy at [339] . Furthermore, other data is gathered from a number of other 
external sources. The general model is designed as a simulation tool, but still, it is the specific 
costs that determine the distribution of technologies in covering the energy service demand. 
Functions called Logit and Weibull can be used to decide the share of technologies, depending 
on the specific costs, e.g. operation and maintenance costs, investment costs, costs for CO2 
emissions, and fuel costs. There are certain assumptions considered that occur outside of the 
system, for instance technological development, economic growth and demographics. 
Moreover, a dynamic link between electricity prices and electricity consumption is used to 
connect the transformation and final energy demand. Currently, the tool can model scenarios in 
the energy sector in 25 regions, up to the year of 2040. It is also possible to model on a country 
level for specific countries all over the world [309]. The structure of the World Energy Model 
is presented in Figure 64. 
 

 
Figure 64. An overview of the World Energy Model [309]. 
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9.2.14 Purposes with the WEM Software 
 
The WEM tool has the following integrated features [309]: 
 

o Energy forecasts on a global and regional level, including trends in supply, demand, 
availability and constraints. Moreover, energy balances and international trade by each 
fuel and sector to 2040 are also possible to obtain. 
 

o The energy use and the associated environmental impact, referring to CO2 emissions 
from fuel combustion as a result of the energy consumption. Furthermore, local 
pollutants and greenhouse gases can also be predicted. 
 

o As a policy tool, the tool investigates technological shifts and policy incentives. 
Optional scenarios can evaluate on the effect of the policy incentives taken, and also, 
the technological shifts on energy supply and demand, trade, emissions and investments.   
 

o From an economic aspect, the model evaluates the required investments in the supply 
chain to cover the predicted energy demand to 2040. The model also assesses the 
required investments from the demand-side, this also includes electric vehicles, energy 
efficiency and industrial carbon capture and storage. 
 

o As a forecasting tool, it performs predictions on the availability of modern energy 
access, including access to electricity and cooking facilities in the future. Moreover, the 
model estimates the expected future energy demand, investment requirements and CO2 
emissions as a result of increased energy access. 

 
More detailed information about which countries that are covered by the tool, can be found 
at [309]. 

 
9.2.15  Short Description of urbs 
 
The model urbs is an open source mixed-integer linear optimisation tool, used to optimise a 
wide range of technologies for a specified demand. The model is structured based on three 
parts: the processes, the commodities, and the storages. The commodities represent external 
energy sources and the possible energy demands. Moreover, CO2 emissions are represented as 
a commodity in urbs. It is possible to include prices generated from these emissions. In the 
optimisation process, the prices can be altered to design energy systems that sufficiently meet 
the policy requirements in terms of costs for emissions [340]. Different charts and graphs that 
can be obtained from the urbs model is presented in Figure 65. 
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Figure 65. Different plots possible to be obtained  from the urbs model [302]. 

9.2.16  Purposes with the urbs Software 
 
The following commodities are implemented in the urbs software [340]: 
 

o Solar energy (solar irradiation) 
o Electricity (electricity demand of the building) 
o Heat (heat demand of the building) 
o CO2 (CO2 emissions of the different processes) 
o Elec-buy (electricity bought from the grid) 
o Elec-sell (electricity fed into / sold to the grid) 

 
Moreover, the tool applies the following processes [340]: 
 

o Photovoltaic (PV) system (Input: solar irradiation ---> Output: electricity) 
o Air/water heat pump (HP) (Input: electricity ---> Output: heat) 
o Ground/water heat pump (Input: electricity ---> Output: heat)  
o Electrical grid (purchase) (Input: buy ---> Output: electricity) 
o Electrical grid (feed-in) (Input: electricity ---> Output: sell) 

 
Additionally, the cost parameters considered by the model are [340]: 
 

o Investment costs 
o Variable costs 
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o Fixed costs 
o Purchase costs 

 
9.2.17 Short Description of TEMOA 
 
TEMOA is described as an energy economy optimization model, with the ability to find the 
lowest energy supply cost of the system. This is achieved by optimising the arrangement and 
usage of energy technologies for a user-defined time span. The objective with the tool is to 
cover two important gaps within already existing energy modelling tools [341]: 
 

o The disability to carry out a third-party verification of available model results. 
o The problem of performing uncertainty analysis with comprehensive models. 

 
TEMOA is an open source modelling tool, suitable for performing energy system analysis. The 
design is comparable to MESSAGE, MARKAL/TIMES, and OSeMOSYS. These models have 
been highly useful for policy analysis and technology assessment from local to global scales 
[342]. 

TEMOA allows the user to build an energy economic optimisation model with an open source 
approach. The model is broadly accessible as it allows users to make modifications to the 
programming language, visualisation and graphing tools, but also the solvers. Recommended 
linear solvers are Gurobi and CPLEX, which both are commercially available. Moreover, 
scripts are planned to be developed to perform sensitivity analyses, Monte Carlo simulation and 
search engines to discover alternative solutions that are close to optimal [343].  
 
9.2.18 Purposes with the TEMOA Software 
 
The objective with TEMOA is to decrease the cost of energy supply as low as possible, by 
utilising commodities and energy processes for a certain time frame in order to meet the 
required end-use demands. The tool can be described as an energy system optimisation tool.  
The purpose with the model is to optimise the energy technology capacity for a user-defined 
time frame. The optimal decision-making process is designed to minimise the cost of energy 
supply by using an objective function. The concept of an energy system optimisation model is 
characterised by a network graph moving from left to right. The network graphs consist of a 
number of energy sources that are converted to energy commodities for consumption, used to 
supply the demand. Time slices can be divided by season and time of the day. Moreover, it is 
possible to perform stochastic optimisation [344]. The layout of TEMOA is presented in Figure 
66. 
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Figure 66. An overview of the TEMOA software [341]. 

 
9.2.19  Short Description of REopt 
 
REopt™ is a techno-economic decision support model. The tool can be used in many different 
fields to optimize energy systems, for example [345]: 
 

o Microgrids 
o Communities 
o Campuses 
o Buildings 

 
The tool is designed to offer a wide range of technologies, such as conventional generation, 
renewable energy and energy storage solutions to minimise costs and to meet set requirements 
for energy efficiency. REopt offers energy system simulations on an hourly basis, calculating 
the energy balance for each time step. The energy balance is calculated for the initial year and 
considered to be repeated for every subsequent year. The models also consider the optimal 
dispatch strategy for all technologies considered in the model to reach the net present value 
[345]. REopt uses an integrated method to optimize energy costs, by including a number of 
different inputs and outputs in the system modelling as presented in Figure 67. 
 



 

 183 

 
Figure 67. The structure of REopt, including technology options, loads, drivers and cost solutions [346]. 

The following technologies within the energy sector are considered in the model [346]: 

o Solar photovoltaics (PV) 
o Solar hot water 
o Solar ventilation air preheating 
o Wind turbines 
o Biomass electricity, heating and combined heat and power 
o Waste-to-energy electricity, heating and combined heat and power 
o Landfill gas heating, electricity, and combined heat and power 
o Ground-source heat pumps 
o Fuel cells 
o Electric storage 
o Thermal storage 
o Water treatment and storage 
o Dispatchable heating and cooling 
o Energy conservation measures (using Open Studio) 
o Natural gas and diesel generation 
o Utility grid  

REopt offers three different levels of analysis (Level 0,1, and 2) [347]: 
 

o Level 0 consists of a levelized cost of energy (LCOE) screening, where the purpose is 
to analyse trends of viability from a technical and economic aspect for different sites. 

 



 

 184 

o Level 1 includes the basic renewable energy screening of single or numerous sites. The 
concept is to evaluate and present an analysis whether it is feasible or not. The input 
needed is the location, the thermal and electric consumption on an annual basis, and an 
estimation of the area that can be utilised. The output given is an initial technology size 
and economics, but also a list of possible opportunities sorted after relevance. 

 
o Level 2 offers a detailed analysis to provide a recommendation of an optimized size of 

technology and a plan specifying how the resources will be allocated to provide 
guidelines for infrastructure and production. The necessary input consists of electric 
data with 15-minute intervals, thermal load profiles, existing parameters for the energy 
system, and utility rate tariffs. The output presents a recommended technology size, 
dispatch strategy and economic data. 

  
9.2.20 Purposes with the REopt Software 
 
The REopt software is suitable for energy systems modelling and uses a mixed-integer linear 
program with the purpose to minimise the life-cycle cost of a site for a certain time period, by 
considering several limitations. In the life-cycle cost analysis, the following parameters are 
considered [345]: 
 

o All costs related to necessary actions to provide energy to the specific site. This includes 
associated costs for buying energy both from the wholesale electricity market and the 
utility grid. 
 

o The capital cost needed for establishing new technologies. 
 

o All costs associated with operation and maintenance. 
 

o Revenue generated from utility. 
 

o Possible tax benefits. 
 
The inputs for the optimisation model of REopt are [345]: 
 

o Load profiles on an hourly basis for one year, representing the total network load. 
 

o Parameters related to storage systems, for example minimum state of charge (SOC), 
operating limits, loss characteristics, and efficiency. 

 
o Feeder limitations, for example export limits. 

 
o Economic parameters and related costs. 

 
o Operation & Maintenance savings potential. 
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The outputs expected from the optimisation model of REopt are [345]: 
 

o Total life-cycle cost  
o The cost of energy acquisition 
o New capital investments 
o Cost-optimal dispatch strategy (with the purpose to find the minimum total life-cycle 

cost). 
  

9.2.21 Short Description of oemof 
 
The Open Energy Modelling Framework (oemof) is an energy system modelling tool, adapted 
to include several modelling proposals through the implementation of complex systems. The 
tool is suitable for conducting analyses of systems on an urban to transnational scale [81]. The 
tool is highly flexible, which makes it possible to simulate energy systems for particular needs 
defined by the user and is a valuable tool when performing studies between different sectors 
[219]. 
 
The structure of oemof is based on several modelling approaches within the same software. The 
SOLPH library allows the user to design energy systems through both linear problems and 
mixed-integer linear problems (MILP). The SOLPH library has been used to describe heat and 
power sector-coupling on an urban level in Berlin and it has also been used to model power and 
supply in the eastern part of Germany. The model offers flexible modules and full transparency, 
meaning that the approach with different libraries allows the user to choose freely between 
various functions to create a model. This makes the software highly applicable in several 
aspects. Moreover, the reliability and credibility of the studies and the design of energy system 
models improves as a result of this [219]. 
 

The SOLPH library can be highly useful together with input and output data libraries when 
optimising energy systems in oemof. To begin with, input data can be obtained from profiles 
of electricity demand and renewable power plants using the demandlib and feedinlib libraries. 
The optimisation model of oemof is based on the optimisation modelling language called 
pyomo. There are several ways to design an optimisation problem through the oemof energy 
system, depending on the purpose of the modelling process and previous experience [81]: 
 

1. The simplest and most common use case, combines buses and components to an energy 
system and these can be described as nodes that are linked to each other by edges, 
defined as inputs and outputs of these components [348]. The optimisation process is 
designed by the system by connecting the characteristics of the buses and components 
and their specific limitations which does not require any engagement from the user. This 
modelling procedure will not require any variables or parameters to be included to 
obtain an optimisation model [81]. 
 

2. The second use case is based on the graph logic of the previous use case mentioned 
above, by adding several restrictions. For example, a limit can be defined on an annual 
basis for a commodity flow by including equations to a number of flows [81].
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3. The third and final use case allows the user to add components to the model that are 

defined by the user. This can be performed by either making subclasses from already 
existing core components or by designing original components [81]. 

 
It is possible to perform simulations using all use cases combined or individually for the same 
model, depending on the purpose. The parametrisation of a model is what determines its type, 
as for example an investment model or economic dispatch model. This feature adds flexibility 
to the model, as smaller modifications can be made efficiently to go from an economic dispatch 
model to an investment model by for example replacing a storage using fixed capacity with 
another one that uses variable cost-determined capacity instead. For example, a mixed-integer 
model with a high level of detail can be obtained for a municipal district heating model, 
considered as a unit commitment model and be linked with an economic dispatch model in the 
power market [81]. An example of an energy system provided by oemof is presented in Figure 
68. 
 

 
Figure 68. Representation of an energy system in oemof [219]. 

 
9.2.22 Purposes with the oemof Software 
 
The purpose with the oemof tool is to analyse and model energy supply systems across the 
electricity, heat, and transport sectors. The oemof modelling tool is written in Python, where 
multiple packages are used from this programming language for several applications, such as 
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data and network analysis as well as mathematical optimisation. A set of tools are given with 
different attributes that are required to design energy system models with a high spatial and 
temporal resolution, to assist in the progress of providing a convenient modelling tool for the 
user [349]. The tool is considered as a multi-purpose tool with its ability to generate specific 
investment and economic dispatch models, as well as unit commitment models. For instance, 
the contribution from wind energy for a specified region can be estimated by the use of weather 
data. Moreover, the minimum level of CO2 emissions can be estimated for operating a biomass 
power plant and the energy supply of Europe can be estimated as a future forecast [81]. 
 
The different tools currently available in the model offer an optimisation library. Moreover, 
tools are offered to simulate heat demand on a regional level and to consider input from 
renewable energy sources. The oemof project differs from other current projects by offering 
framing processes, an exclusive software design, and a free software with open code review 
and open platforms. The combination of these aspects is what characterises this modelling tool, 
with its ability to provide transparency and accessibility through an open source framework 
[81].  
 
9.2.23  Short Description of MARKAL/TIMES 
 
TIMES is considered as the advanced successor of MARKAL [350]. Both the MARKAL and 
the TIMES model use the same basic modelling standard. The tool are highly suitable for 
energy markets, using dynamic partial equilibrium. The equilibrium point is determined by 
finding the maximised value of the total surplus of suppliers and consumer, using linear 
programming [351]. A typical representation of an energy commodity is presented in Figure 
69. 
 
The models also have compelling differences, that highly affect their technical characteristics.  
In MARKAL, length time periods are fixed compared to TIMES where the user is able to 
express period lengths highly flexible, which makes these models significantly different. The 
flexibility offered from the variable period length is valuable for the user for mainly two reasons 
[351]: 
 

o From a calibration point, if the user desires to apply data for one single year as a starting 
period. 
 

o If the aim is to simulate for long time horizons, a few of the beginning periods can be 
defined by short periods, e.g. five-year intervals, while some periods may be grouped 
into periods of longer time spans, e.g. 20 years or more. 

 
All input data are user-defined in TIMES and independent from the time periods for running a 
specific model. All input data that use time-dependency are described by the year the data is 
employed. Subsequently, the model matches the data together with the periods, where it is 
needed. This is accomplished by interpolating or extrapolating the data by using the pre-
processor code of the model to specify data points for the necessary time periods [351]. 
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Another difference between the two modelling tools is that in MARKAL, the residual capacity 
profiles need to be entered by the user for every technology that is considered in the beginning, 
including the time where the capacity is still available. In TIMES, data related to costs and 
technical characteristics is provided by the user for those years when the investments were 
made. Subsequently, the TIMES model calculates the required capacity still available for the 
different modelling cycles. This means that for TIMES, data from the past and the future are 
handled basically in the same way [351]. 
 
In MARKAL, time-slices can be defined for low temperature heat and electricity. These time-
slices are strictly defined for both commodities, with three times-slices for heat and six for 
electricity. TIMES is significantly more flexible since time-slices are user-defined, divided into 
three different levels: monthly (or seasonal), weekly with weekdays and weekends separated, 
and daily with days and nights separated. MARKAL is only able to consider electricity storage 
on a level from night to day. Moreover, processes in MARKAL are defined strictly, aside from 
particular processes such as combined heat and power plants employing a pass-out turbine and 
limit refineries that allow flexible output. All other processes have inputs and outputs defined 
with fixed capacities in relation to each other. In TIMES, the initial process is completely 
flexible if the user does not desire to specify particular coefficients that strictly connect inputs 
to outputs. For instance, if a boiler is considered allowing three different liquid fuels in the 
model, it will have a certain efficiency depending on the fuel being used. In the MARKAL 
model, four different processes are needed with one process for each fuel and an additional 
process that considers the investment cost. Moreover, a dummy fuel is included [351]. 
 
In TIMES, only one process is required, meaning that no dummy fuel is needed either. 
Furthermore, in TIMES there are multiple parameters that set restrictions on the share of inputs 
of every fuel in contrast to MARKAL where these constraints need to be defined by the user. 
MARKAL offers emissions and exports or imports or commodity related variables in 
comparison to TIMES that offer total consumption, total production and certain variables that 
represent the flows of commodity that either enter or exit a process. This permits the user to 
define costs and set constraints on commodities [351]. 
 
The timing of investment payments differs between the two models, where TIMES offers a 
higher level of detail compared to MARKAL. In TIMES, capital costs can be distributed with 
increments over time on an annual basis as the construction of a power plant proceeds. In 
MARKAL, the total investment required is estimated in the beginning stage of a certain time 
period. Another feature that is offered in TIMES is the possibility to make the capacity 
expansion develop annually for small processes as for instance a car, with payments distributed 
over time. Additionally, if the time period exceeds the life of the investment, there is an 
integrated function in TIMES where the investment is repeated multiple times over the defined 
time period. This enables the user to perform more reliable simulations of the stream of capital 
outlays in the TIMES model, compared to MARKAL. Furthermore, time-dependent discount 
rates are definable in TIMES, in contrast to MARKAL where discount rates are assumed to be 
constant over the entire time period. TIMES also offers several equations that estimate the 
carbon dioxide concentration, the radiative forcing, and the global temperature change as a 
result of greenhouse gas emissions [351]. 
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Figure 69. A typical representation of commodities in MARKAL and TIMES [352]. 

9.2.24 Purposes with the MARKAL/TIMES Software 
 

The TIMES model is used for [207]: 

o Analysing least-cost energy systems. 
o Analysing cost-efficient solutions to regulations on emissions. 
o Providing forecasting studies on energy balances from a long-term perspective, by 

taking multiple scenarios into account. 
o Assessing new applications, processes and strategies for Research and Development. 
o Assessing the impacts of taxes, subsidies, and regulations. 

The TIMES model uses both a technical and an economic approach to perform energy 
modelling analysis. TIMES is designed as a bottom-up model and creates least-cost energy 
systems by considering numerous user-defined limitations, using linear-programming. The 
model provides possible future scenarios in the energy sector both on a medium and a long-
term basis [207]. 

The structure of the TIMES model is designed to cover the entire energy process, from primary 
resources to the distribution, transportation, transformation and conversion of energy to supply 
of commodities and services in order to meet the energy demand. The supply-side consists of 
primary and secondary production, import and export derived externally as well as fuel mining. 
The demand side is divided into five different sectors, listed as follows [207]: 

o Industry 
o Residential 
o Commercial 
o Transport 
o Agricultural 

 

The model finds relations between the supply side called “producers” and the demand side 
called “consumers” based on economic, engineering and mathematical connections. The 
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model structure is based on several different processes, commodities, flows, scenarios and 
functionalities. To begin with, the processes are based on the transformation of primary sources 
to conversion plants. In primary sources, import and mining processes are included. In 
conversion plants, electricity is generated. This also includes energy-processing plants and 
demand services, e.g. heating systems and cars [207]. 

Moreover, commodities are defined in the model and can be either produced or consumed. 
This includes fuels, energy carriers and services, emissions and materials. The connections 
between commodities and processes are called commodity flows and could be the electricity 
generated from wind power. The TIMES model creates a reference energy system. 
Subsequently, this model is modified to suit a certain region or specific scenario [207]. 

Additionally, scenario analyses can be performed in TIMES to meet specific constraints 
defined by the user. The reference scenario is not dependent on any policy incentives. The 
results generated from the reference energy system are not valid to represent a projection of 
the national energy supply and demand in the future since the model is based on optimising 
for the least-cost solution. This process is followed by creating a second scenario in the model, 
by considering a few or several policy restrictions, for example minimum percentage of 
renewable energy or maximum allowable greenhouse gas emissions. The model is designed to 
create another least-cost solution, consisting of other technologies and fuels. Subsequently, the 
results are compared between the reference scenario and the second scenario to find the least 
cost solution based on the policy limitations defined [207]. 

Furthermore, with inputs, scenarios and limitations defined, the model will design an energy 
system that covers the demand for the energy services required, considering the complete time 
period to offer a least-cost analysis. TIMES uses ideal forecast, meaning that all strategies to 
set up an investment are performed for each time interval with full information about what will 
happen in the future. The optimisation process is performed considering all sectors and time 
periods, which means that it is performed both horizontally and vertically [207]. 

Finally, when it comes to functionality, the TIMES model finds the optimal composition of 
fuels and technologies and considers related emissions to cover the demand. TIMES considers 
production and consumption of fuels, energy services and materials and the prices associated 
with these commodities to meet the supply with the demand by finding the equilibrium point 
between producers and consumers in the energy sector. The model is designed in the way that 
the production price of a commodity alters the demand for the specific commodity. In the same 
way, the demand has an effect on the price of the commodity which is also considered in 
TIMES [207]. In Figure 70, an overview of the MARKAL/TIMES models is provided.  
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Figure 70. An overview of the structure in MARKAL/TIMES [207]. 

 
9.2.25 Short Description of EnergyPlan 
 

EnergyPlan is a tool used for simulating energy systems analysis. The model is able to present 
simulations on an hourly basis for one year and is based on the input/output principle. The 
input, output and distribution data available in the model is presented in Figure 71. It is designed 
to consider a wide range of technologies and calculate different market-economic strategies 
with the following energy system analyses [353]: 
 

o Technical analysis 
- Inputs include: energy demands, energy sources, and production efficiencies and 

capacities. 
- Outputs include: energy balances on an annual basis, fuel consumptions, and 

CO2 emissions. 
 

o Market exchange analysis 
- The model only optimises the supply side of the energy system. 

 
o Feasibility studies 

- This analysis is used to evaluate the feasibility of the total annual cost, 
considering different planning of design and simulation strategies of the system. 

- Inputs include: fixed operation and maintenance costs, lifetime periods, interest 
rate, and investment costs. 
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- The costs are divided primarily into five categories: fuel costs, variable 
operational costs, investment costs, fixed operational costs, electricity benefits 
and exchange costs, and potential CO2 payments. 

 
The purpose of the modelling tool is to help support the planning of the architecture of a national 
energy system, by analysing the consequences and strategies of different energy systems and 
required investments. Moreover, the tool is adapted for simulating energy systems for cities and 
municipalities, which makes it suitable for applications on smaller scales as well. Additionally, 
the main area of interest with the model is to provide different strategies for simulating the 
synergy of intermittent renewable energy sources and combined heat and power (CHP) 
production. The interaction includes modelling the entire energy system by considering the 
distribution of commodities including gas, electricity, and district heating and cooling grids 
[353]. 
 
The most common inputs of the model are [353]: 
 

o Energy demands 
o Renewable energy sources 
o Energy plant capacities 
o Costs 
o Import/Export 
o Electricity production 

 
The basic outputs of the model are [353]: 
 

o Energy balances 
o Resulting annual productions 
o Fuel consumption 
o Import/Exports 
o Total costs (also considering the income generated from the exchange of electricity)  
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Figure 71. An overview of the input, output and distribution data in EnergyPLAN [1]. 

 
EnergyPlan is a deterministic model, compared to models using the Monte Carlo approach or 
a stochastic model. Using the same input, the same results will always be obtained. On the 
contrary, the model is able to provide calculations based on data from renewable energy systems 
of an intermittent and stochastic approach while still presenting reliable system results for future 
data inputs of renewable energy systems [1]. 
 
Moreover, the model provides simulations on an hourly basis, compared to other models 
providing production and demands annually. The model is able to perform analyses of the 
influence of fluctuating renewable energy systems. Moreover, differences in electricity, heat, 
and gas demands can be performed on a seasonal or weekly basis, but also water inputs for 
large-scale hydropower systems. The system description of EnergyPLAN is aggregated 
compared to other models where each separate component has a description. For example, the 
district heating systems are aggregated, and the definition costs of three groups. EnergyPLAN 
is able to optimise the process of a system, compared to models that focus on optimising 
investments for a system [1]. 
 
In EnergyPLAN, analyses are conducted for each hour during one year in comparison to 
scenario-based models, with analyses ranging for multiple years. Also, it is possible to perform 
various analyses that individually cover one year and combine these into scenarios. 
EnergyPLAN is designed using analytical programming, in comparison to dynamic 
programming, iterations or mathematical tools. With this type of approach, the model becomes 
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very quick in the calculation process, where only a few seconds are needed for the model to 
compute one year, considering complex national energy systems [1]. 
 
The model is able to determine the possible consequences of operating an energy system in 
order to meet the defined energy demands for one year. It is possible to perform either a 
technical or market-economic optimisation. Both optimisation processes can be performed after 
each other, if desired. The purpose of the technical optimisation is to minimise the import and 
export of electricity and finds the solution that consumes the least amount of fuel. The market-
economic optimisation is used to find the solution that generates the lowest cost for each 
production unit based on the business economic costs [1]. 
 
9.2.26 Purposes with the EnergyPlan Software 
 
The main purpose of EnergyPLAN is to help support planning strategies of national or regional 
energy planning through analyses from a technical and economic aspect. The tool is highly 
comprehensive as it considers the entire energy system, where the electricity, heat, and gas 
sectors are included, together with the industry and transport sector [1]. The fundamental design 
of the energy system in the model is presented in Figure 72 below. The input parameters of the 
modelling for the energy system is structured as follows [1]: 
 

o Energy demands 
- Including: electricity, heat and transport. 

 
o Energy technologies, resources and production systems 

- Including: power plants, wind turbines, boilers, storage. 
 

o Simulation process 
- Including: operation of each plant, technical limitations (transmission capacity). 
 

o Costs 
- Including: taxes, fuel costs, investment costs, and variable or fixed operational 

costs. 
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Figure 72. The energy system design of EnergyPLAN [353]. 

The structure of the EnergyPLAN model is designed to consider electricity smart grids to be 
integrated with the employment of renewable energy not only for the purpose of generating 
electricity as part of the production process. The tool is able to convert energy from renewable 
energy technologies to other commodities and sources than electricity, for instance: heat, 
biofuels, synthetic gases, and hydrogen. Additionally, this also accounts for efficiency 
improvements and energy conservation, as for example fuel cells. The analyses serve as a basis 
for the potential of considering electricity smart grids as a part of the entire, smart energy 
system. The EnergyPLAN model calculates hourly balances for a wide range of sources and 
technologies, including [353]: 
 

o Electricity 
o District heating and cooling 
o Hydrogen 
o Natural gas 
o Input from biogas, gasification, electrolysis, and hydrogenation 

 
EnergyPLAN is considered as an input/output energy systems analysis model and is preferably 
suitable for national energy systems. The objective with the model is to find the optimal energy 
systems design. Moreover, the EnergyPLAN tool provides numerous energy conversion 
technologies, processes, and storage technologies, listed as follows [353]: 
 

o Heat pumps 
o Combined heat and power (CHP) plants 
o Electrolysers 
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o Electric vehicles 
o Hydrogenation 
o Gasification 
o Power stations 
o Boilers 
o Heat, electricity and hydrogen storage 
o Compressed Air Energy Storage (CAES) 
o V2G (vehicle to grid) 
o Solar PV 
o Solar thermal collectors 
o Wind power 
o Wave power 
o Hydropower 

 

An in-depth description of the tool is provided at [353]. 
 
9.2.27 Short Description of energyPRO 
 
EnergyPRO is a highly advanced modelling tool for conducting techno-economic optimisation. 
It is a flexible tool in terms of offering analyses of energy projects related to heat, combined 
heat and power, as well as process and cooling. The tool can offer modelling, optimisation, 
analyses and simulations by including a wide range of technologies, from fossil fuels to 
renewable energy sources. An overview of the layout in energyPRO is provided in Figure 73. 
The optimisation process is performed based on several preconditions, listed as follows [354]: 

o Weather conditions 
o Maintenance costs 
o Technical characteristics of a wide range of units 
o Fuel prices 
o Subsidies 
o Taxes 
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A price list for downloading different modules within the software, can be found at [355]. There 
is a total of nine modules available, as presented in Table 12: 
 

Table 12. The different modules available in energyPRO, including costs and descriptions [54]. 

Modules Costs (EUR) Description 
DESIGN 3600 Analyse energy production and establish operational 

economics for heat, cooling and power plants. 
FINANCE 900 Generate cash flows and include investments, financing, and 

development in prices and demands. 
ACCOUNTS 900  Create income statements and balance sheets for heat, 

cooling and power plants on a long-term basis. 
OPERATION 900 Optimising energy plant operation based on a weekly basis. 

REGION 900  Offers calculations from an energy and economic 
perspective for several sites or for different regions. 

MARKETS 900 Conducts simulations of energy plants that are part of 
multiple electricity markets. 

INTERFACE 900 Provides XML requests with the purpose to perform several 
calculations based on various parameters. 

COMPARE 900 Compare investment strategies using different alternatives in 
the same project file. 

Additional 
language module 

900 The tool can offer four different languages: DK (Danish), EN 
(English), DE (German), PL (Polish). 

 
The “DESIGN” module is needed for all modules and the “ACCOUNTS” module is only sold 
with the “FINANCE” module. Four different license types are available for this modelling tool 
[356]: 
 

o Standard license 
o One-year-license 
o University licenses 
o Student licenses 

 
To begin with, the standard license gives the user complete access to the modules that have 
been purchased. During the first year, support and maintenance of the program are provided 
free of costs. If the user still wishes to receive continuous updates and support, an agreement 
can be made with the developers, enabling the user to maintain these services. The one-year-
license gives the user access to the software for a limited time of one year, where only 40 
percent needs to be paid to get access. After the license has expired, the same agreement can be 
made. It is also possible to change the deal to a standard license if desired. University licenses 
are also offered for a reduced and favourable price through contact with the sales department, 
with the condition that the software will not be used for commercial purposes. Finally, software 
licenses can be offered for students for training purposes, for a limited time by contacting the 
sales department [356]. 
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Figure 73. A representation of the energyPRO model [56]. 

 
9.2.28 Purposes with the energyPRO Software 
 
With energyPRO, multiple analyses can be conducted, listed as follows [357]: 
 

o Simulate and model complex energy systems 
o Conduct feasibility studies and investment analyses 
o Perform comparisons between different scenarios 
o Estimate operational budgets 
o Perform sensitivity analyses 

 
With energyPRO, different types of simulations, analyses and modelling processes are offered, 
enabling the user to [354]: 
 

o Perform accurate analyses for establishing investment strategies. 

o Provide calculations for optimal operation of a plant within the energy sector. 

o Implement processes for modelling industrial cogeneration (combined heat and power) 
and trigeneration (combined cooling, heat and power). 

o Conduct simulations of energy plants to be included in various electricity markets. 
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o Provide analyses describing the interaction between different energy plants. 

Moreover, the analytical optimisation approach used in this tool, supports the user in the process 
of [354]: 

o conducting strategic energy planning 
o optimising distributed energy systems 
o implementing investment strategies 
o enabling system integration 
o creating sustainable change management  

 

The following features are offered through the different modules, listed as follows: 

o DESIGN 

This is the basic module in the energyPRO software. The purpose with this module is 
to evaluate and optimise the technological and economic performances of different 
energy plants for one year. The DESIGN module enables the user to provide investment 
analyses, expenditure budgets highly accurately and analyse the operation of a plant. 
The user provides inputs that are based on time series, demands, fuels, energy 
conversion units, economy, and storages [358]. 

For time series, electricity prices can be included as well as online weather data. In 
demands, input can be provided based on electricity, heat and cooling. Numerous fuels 
are also included, such as oil, coal, natural gas, wood chips, hydrogen, straw, and biogas. 
The different energy conversion units are for example boilers, engines, heat pumps, 
solar photovoltaics, and wind turbines. From an economic aspect, gas prices and taxes 
as well as sale and purchase of electricity are included as input parameters. Regarding 
different types of storages, batteries, thermal storage and pumped hydro storage can be 
included [358]. 

o FINANCE 

This module offers the user to evaluate the entire lifetime of projects by performing 
economic analyses through calculations for an unlimited number of years. Cash flows 
can be calculated on a monthly basis by using information about financing conditions 
and investments. Moreover, the internal rate of return, net present value and payback 
time can be obtained through this module, as a part of investment key figures [359]. 

o ACCOUNTS 

This module serves as a complement to the above-mentioned module with the purpose 
to provide economic calculations with a higher level of detail. This module conducts an 
economic analysis based on the standards established by the World Bank. The 
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ACCOUNTS module offers the user to set up business plans, establish current loans 
and depreciation accounts. Additionally, the module can provide calculations that 
present the operation income on an annual basis [360]. 

o OPERATION 

The OPERATION module enables the user to conduct optimisation analyses on a 
weekly, daily or hourly basis. Moreover, the module provides production plans for the 
future and operation loss calculations can be performed with a high level of detail [361]. 

o REGION 

The REGION module allows the user to simulate numerous sites within the same 
project. Moreover, the module offers analyses in transmission capacity, interconnection 
analyses, and investment analyses for installing solar collectors in a specific site [362]. 

o MARKETS 

This module gives the user the opportunity to consider multiple electricity markets in 
the same project. Moreover, by the use of gate closures, authentic situations of market 
participation can be simulated. The user can choose to include day ahead market, 
regulating power market or fixed tariffs [363]. 

o INTERFACE 

This module is highly useful for performing sensitivity analyses. The module enables 
XML calls, which gives the user the possibility to conduct several repetitive calculations 
by changing parameters. Moreover, it provides support to find the optimal size for 
numerous types of storages and energy conversion units [364]. 

o COMPARE 

The final module is useful if the user needs to simulate and analyse multiple models in the 
same project file. Alternative models can be created by integrating several models in the 
same project file. The module offers flexibility where comparisons can be made between 
the reference model and alternative models to evaluate annual energy conversions, cash 
flows and other financial parameters, such as internal rate of return and net present value 
[365]. 

9.2.29 Short Description of STREAM 
 
STREAM is a modelling tool that offers the user to gain valuable insights to potential energy 
mixes efficiently, from regions or countries to the entire Europe. The tool is suitable for 
politicians, energy planners and students by providing guidance to establish scenarios on 
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demand. STREAM uses databases that are updated continuously, which increases the reliability 
and flexibility of the model. The modelling tool stands out mainly based on three aspects [366]: 
 

o It is highly comprehensive compared to other tools that only focus on specific areas of 
a complete energy system, e.g. district heating systems and dispatching of power plants 
specifically in the electricity sector. It has been developed to cover the entire energy 
flow. The modelling tool includes all sectors of the energy system, where the transport 
sector is also considered. Moreover, fuel exploration, energy use and conversion are 
areas that also are included in the model.  

 
o The model has been developed by several professionals in the energy sector consisting 

of consultants, a university, a transmission system operator and a company specialised 
in the energy field. 
 

o It is a simple model compared to similar ones in the market. This enables the user to 
perform analyses and obtain models quickly, which might be of valuable importance in 
the evaluation process.  
 

STREAM uses a bottom-up approach, where the user is requested to define the input parameters 
needed to run the model. However, the model is not able to conduct an optimisation from an 
economic aspect, meaning that it does not specify which operations are most favourable to 
integrate for an optimal solution [366]. 
  
9.2.30 Purposes with the STREAM Software 
 
The STREAM modelling tool comprises of three different spreadsheet models: 
 

1. The energy flow model 
 
The purpose of this model is to provide an analysis of energy resources, fuel consumption, 
conversion and greenhouse gas emissions to create an energy system. It is a static model, that 
describes an energy flow model for an energy system for a certain year. In the model, 
assumptions are also included in terms of operation and investment costs in the process of 
converting fuels into valuable energy services. This gives the user the possibility to estimate 
investment costs for production facilities [291].  

 
2. The energy savings model 

 
The purpose of this model is to provide forecasts by addressing the demand for energy services 
for a specific year. The model handles four different areas for the demand of energy services 
and end consumption of energy, e.g. production, households, transport, and the trade and 
service sector. These areas can be further broken down into different types of end uses, such as 
pumping, lighting and cooling, with associated costs and potential savings [291]. 
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3. The duration curve model 
 
The purpose of this model is to evaluate interactions in the electricity system and combined 
heat and power system on an hourly basis. The model will serve as a basis for the input 
parameters to the complete energy flow of the energy flow model, but also economic 
calculations including a prediction of the total number of hours for operating at different 
facilities related to energy production. The model creates an energy system to simulate how 
production plants on a national scale are capable of covering the demand for district heating 
and electricity. However, the model does not account for international exchange of electricity. 
The duration curve model uses time series on an hourly basis for heat and electricity 
consumption. It is able to optimise the total system operation, by reducing the necessary 
installed capacity of energy plants (power plant and combined heat and power plants) [367]. 
The model lacks the ability to conduct a financial optimisation, which is why it will not be able 
to stand in competition with other optimisation models within the electricity sector. If more in-
depth analyses were to be performed, it could be beneficial to use a partial equilibrium model, 
such as BALMOREL [291]. 
 
9.2.31 Short Description of SAM 
 
SAM is a techno-economic model for simulating and supporting decision making within the 
renewable energy industry. It is suitable for a wide range of decision makers within the energy 
industry such as: engineers, technology developers, researchers and policy analysts. SAM is 
used for projects with the main focus area on renewable energy technologies. In this tool, one 
performance model is established as a financial model. The basic layout of SAM is presented 
in Figure 74. From this, input variables are defined, including [368]: 
 
o Costs of operating and installing the system 
o The location of the project 
o Technologies to be accounted for in the system 
o Financial assumptions 
 
When the input variables are defined and implemented into the modelling process, the 
simulations can start, and results can be evaluated. The most common analysis is structured in 
the following steps [368]: 
 

1. Running simulations 
2. Evaluating results 
3. Correct and modify input parameters 
4. Repeating the process until reasonable and reliable results are obtained 

 
The performance model of SAM considers several technologies, sources and storage 
technologies as listed in Appendix A. The model also accounts for power systems for delivery 
of electricity both straight to the power grid and in interaction with the electric load associated 
with a facility or building in grid-connection [368]. 
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This modelling tool lacks the ability to model hybrid power systems (considering more than 
one source of power generation) and off-grid power systems. Regarding the financial model, 
SAM is able to model projects for buying and selling electricity at retail rates (both residential 
and commercial). Electricity can also be sold at a price set by the power purchase agreement. 
The design of SAM makes it possible to consider projects on both smaller and larger scales. It 
could range from installing photovoltaic panels on residential rooftops to wind power 
installations on farms and projects with concentrating solar power installations. It is possible to 
get access to the source code and study the algorithms within the model if needed. Manuals are 
available where the model algorithms are defined [368]. 
 
As input, the model needs a weather data file to define the requirements about a project location. 
This includes information about the weather conditions and the location, and the renewable 
energy resource. Weather data files can be obtained from the internet, from a list within the 
programme or created by user-defined data [368]. 
 

 
Figure 74. The basic layout of the SAM software [368]. 

 
9.2.32  Purposes with the SAM Software 

The purpose of SAM is to create a model, using input data to illustrate the project cost and 
performance by implementing renewable energy sources into the energy system. The user 
interface of the model is highly user-friendly, which makes the tool suitable even for 
unexperienced people that are interested in building models for projects related to high 
penetration of renewable energy sources [369].  
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To perform this type of analysis, a weather data file is needed. In SAM, multiple libraries 
consisting of performance data describing the typical features of components are available if 
needed. This includes data about numerous components, listed as follows [369]: 

o Photovoltaic inverters and modules 
o Solar collectors 
o Parabolic trough receivers 
o Biopower combustion systems 
o Wind turbines 

This input data is retrieved from a library with a list of options in SAM and used as input 
variables. The following input variables are examples that can be applied to the model either 
defined by the user or by using default values [369]: 

o Installation costs 
o Purchases of equipment 
o Manpower 
o Land costs 
o Operation and maintenance costs 
o Number of inverters and modules 
o Tracking type 
o Type of receiver or collector 
o Solar multiple 
o Storage capacity 
o Power block capacity (parabolic trough systems) 
o The period of the performed analysis  
o Real discount rate 
o Target for the internal rate of return 
o Tax rates 

By using this input data, simulations can be performed, and results can be evaluated. The input 
data is subsequently revised and repeated simulations are conducted [369].   

9.2.33 Short Description of CitySim 
 
CitySim is an energy modelling tool, suitable for the simulation of urban districts. It is a useful 
tool to estimate the energy demand from a building to an entire city. The model determines the 
needed energy of buildings, but also the electricity demand and the energy generated from 
renewable energy sources. CitySim provides results on an hourly basis and works therefore 
dynamically. Also, inter-reflections between the surfaces of buildings and mutual shading can 
be calculated. Weather data on an hourly level is needed in order to perform the calculations 
[94]. A representation of the layout in CitySim is presented in Figure 75. The model is 
considered as a simulation engine that offers both a solver module and a graphical user 
interface. It is focused on energy flows of several building models. CitySim has the ability to 
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simulate various buildings for a city scale with simplified models. In CitySim, a wide range of 
models are included, such as [370]: 
 

o Building thermal  
o Urban radiation 
o Plant or equipment 
o Occupant behaviour  

 

 
Figure 75. Layout of CitySim [371]. 

 

9.2.34 Purposes with the CitySim Software 
 
CitySim is a decision support tool for stakeholders and energy planners in urban districts, with 
the main objective to reduce the net use of energy that come from non-renewable sources. 
Moreover, the aim is to reduce greenhouse gas emissions by addressing the following areas 
[94]: 
 

o Assist the users in the modelling process, by providing a visualisation of 3D geometrical 
buildings on an urban district level consisting of several hundreds of buildings. 
Furthermore, thermal-physical features can be assigned to these buildings efficiently 
through the specific use of an XML file.  
 

o Simulate energy demand for buildings included in the model by considering multiple 
HVAC (heat, ventilation, and air conditioning) systems. 
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o Estimate the supplied energy of all buildings by integrating renewable energy sources. 
This also includes the radiation exchange in the urban environment from energy 
conversion systems. 

 

9.2.35 Short Description of EnergyPlus 
 
EnergyPlus is a building-level simulation tool. The model performs energy analyses and 
thermal load simulations. It can also simulate district networks, external air flow, longwave 
radiation exchange and renewable technologies. EnergyPlus calculates a wide range of 
simulation details, such as [372]: 
 

o Required heating and cooling loads 
o Energy consumption of primary power plant utilities 
o HVAC systems, coil loads, and the conditions throughout these 

 
The level of detail is high for building simulations with this model, which makes EnergyPlus a 
strong tool for performing urban-level simulations in particular conditions. It could be 
occasions where limited interactions between buildings appear, e.g. longwave radiation or 
district energy. In that case, numerous models in EnergyPlus can be obtained, where one 
building is represented by one model in a district. If the district is too large, EnergyPlus can 
simulate characteristic archetype buildings and extrapolate the results generated from other 
buildings [372]. An example of the layout of EnergyPlus is presented in Figure 76. 
 
 
 

 
Figure 76. Representation of the EnergyPlus software [373]. 
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9.2.36 Purposes with the EnergyPlus Software 
 
The purpose of EnergyPlus is to consider as many building design and HVAC design options 
as possible, using the functions in the model or by integrating other tools in the simulation. The 
output is mainly based on the calculation of energy consumption and thermal loads. The time-
step can range from a single day to over an entire year. There are a number of features offered 
by the EnergyPlus software, listed as follows [372]: 
 

o User-defined, sub-hourly time steps with the ability to interact between thermal zones 
and the surrounding environment. 

 
o Input and output text files of weather data with both sub-hourly and hourly conditions 

of the environment. 
 

o Thermal loads can be obtained using a solution technique based on heat balance. This 
performance enables the user to provide calculations of both convective and radiant 
effects simultaneously for surfaces both inside and outside for each time step. 
 

o Thermal comfort models can be obtained using levels of humidity, activity, inside dry 
bulb and other parameters. 
 

o Calculations can be performed with tilted surfaces of diffuse solar using an anisotropic 
sky model. 
 

o Pollution calculations that estimate production of CO, CO2, NOX, SO, hydrocarbon, and 
particulate matter. 
 

o Fenestration calculations (referring to any glazed or transparent aperture in a building, 
e.g. windows, skylights or glass doors) that offer window blinds to be controlled and 
heat balances based on layer-by-layer to estimate the energy absorbed from the sun, 
where multiple windows that are commercially available can be selected. 
 

However, there are several drawbacks to consider with EnergyPlus, listed as follows [372]: 
 

o The tool is not considered as a user interface. Instead, it works as a simulation engine, 
where the intention is to integrate other tools such as Trimble SketchUp and Open 
Studio. 
 

o It is not a life cycle cost analysis tool. Results are produced that can be used as input in 
life cycle cost (LCC) program. 
 

o EnergyPlus is not able to check input data or analyse the results. Other tools that use 
graphical user interface are able to support the user in adjusting input values if needed, 
which is not possible in this model. 
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9.2.37 Short Description of TRNSYS 
 
TRNSYS is described as a transient systems simulation tool. The library of TRNSYS consists 
of a wide range of components available in electrical and thermal energy systems. Moreover, 
the model provides input of weather data if needed. The modular structure of TRNSYS allows 
for flexibility in the program, and is highly suitable for conducting analyses of time-dependent 
systems with a high level of detail. The tool is able to simulate in time-steps down to 0.01 
seconds if needed. TRNSYS is a scenario-based tool and has been highly adopted by both 
engineers and researchers all over the world. A schematic of the TRNSYS tool is presented in 
Figure 77. The main features of the model are [172]: 
  

o Solar thermal systems 
o Solar photovoltaic systems 
o HVAC systems 
o Low energy buildings 
o Renewable energy systems 
o Fuel cells 
o Cogeneration  

TRNSYS is a commercial source. There is also a demo version available for TRNSYS, 
consisting of 40 different examples and offering users the ability to establish simulations with 
maximum five components and include buildings with two thermal zones. The demo version is 
free for download and regular updates are made by the developers, which is why annual 
downloads are recommended [374]. Pricing for TRNSYS is found at [298]. 

 

Figure 77. Schematic of TRNSYS [299]. 
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9.2.38 Purposes with the TRNSYS Software 
 
TRNSYS is a flexible, graphically based software, with the ability to simulate the performance 
and management of transient systems. The model has been available in the market for over 35 
years. TRNSYS consists of two parts [375]:  
 

1. An engine called “kernel” 
- The engine scans and processes the input file, solves the system through an 

iterative process, establishes convergence and finally plots system variables. 
- Kernel can also support utilities to present thermophysical properties, invert 

matrices, interpolate data files from external sources, and perform linear 
regressions. 
 

2. An extensive library of components 
- The library consists of nearly 150 models, e.g. wind turbines, electrolysers, basic 

HVAC equipment, emerging technologies, wind turbines, weather data 
processors, pumps, and multizone buildings.  

- The models and components can be freely modified by the user.   
 
TRNSYS was initially designed to simulate solar water heating systems and is currently 
considered as the standard choice for simulating electrical and thermal energy systems. The 
tool can be used to simulate highly detailed thermal modelling, e.g. thermal collectors, heat 
pumps, fuel cells, and combustion furnaces. Moreover, electrical modelling can be performed, 
e.g. solar photovoltaics, cogeneration, and wind turbine. Additionally, district heating 
networks, seasonal storage and building energy simulation in detail. TRNSYS is suitable for 
simulating detailed energy systems. It is not the preferable choice to simulate general energy 
flows at city or district level and it lacks the ability to model air flows [140]. 
 
TRNSYS is a highly comprehensive tool and has been adopted worldwide by researchers, 
engineers, students, architects, and building simulation experts. With its flexibility, high 
adoption and long history, it has been utilised in many different applications, for instance [376]: 
 

o Building simulation (including LEED energy modelling) 
o Solar thermal processes 
o Ground coupled heat transfer 
o Geothermal heat pump systems 
o Optimisation 
o Energy system analysis 
o Power Plants (e.g. biomass and cogeneration) 
o Hydrogen fuel cell systems 
o Photovoltaic systems 
o Wind power systems 

 
TRNSYS has previously been used in projects for simulations in the following areas [376]: 
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o Solar energy applications 
o Conventional buildings 
o Biological processes 
o Optimising the performance of a solar thermal system 
o Assessing the thermal performance of buildings 
o Designing a hybrid photovoltaic and thermal solar system in Cyprus 
o Renewable energy sector 

 
However, there are some drawbacks with the TRNSYS model. The transport sector is not 
considered in the model. There are also a few technologies not included, such as nuclear, wave, 
tidal, and hydropower. Moreover, no emissions or costs can be calculated [376]. 
 
9.2.39 Short Description of DER-CAM 
 
DER-CAM is a decision support tool, with the purpose to find the optimal distributed energy 
resource investments for buildings or multi-energy microgrids. The tool is primarily used to 
determine the optimal portfolio. Moreover, DER-CAM is able to dispatch, place, and size 
multiple distributed energy resources, while simultaneously optimising several value streams, 
as for example peak shaving, power export agreements and load shifting [103]. An overview 
of the layout of DER-CAM is provided in Figure 78. 
 
The model is highly flexible as it allows the user to modify the objective function. The analysis 
can also be changed to a multi-objective approach and estimate the total annual cost of energy 
supply for a site. These costs are identified by both already existing and new, distributed energy 
resources, fuel costs, operation and maintenance costs and costs associated to utility imports 
[103].  

DER-CAM is suitable to find the most preferable distributed generation or combined heat and 
power technologies to set up as a site-owner. Moreover, the model can provide information 
about how to operate to maximise the economic benefit. Outputs are provided by inserting site 
loads, weather and utility data, and price and performance data for a wide range of options for 
distributed energy resources [103]. More information about DER-CAM can be found at [377]. 
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Figure 78. The basic layout of DER-CAM [103]. 

 
9.2.40 Purposes with the DER-CAM Software 
 
There are several questions that can be answered through the process of identifying optimal 
distributed energy resource solutions provided at [103], stated as follows: 

o What is the optimal portfolio of DER that meet the specific needs of this microgrid? 
o What is the ideal installed capacity of these technologies to minimize costs? 
o How should the installed capacity be operated so as to minimize the total customer 

energy bill? 
o Where in the microgrid should distributed energy resources be installed and how should 

they be operated to ensure voltage stability? 
o What is the optimal DER solution that minimises costs while ensuring resiliency 

targets? 

In DER-CAM a mixed integer-linear program is used to identify the optimal multi-energy 
microgrid design problem, through an advanced mathematical modelling approach. The 
advantage with the model is that it offers globally optimal solutions quickly opposed to other 
optimization models or simulation-based models using heuristic or non-linear formulations. 
The main difficulty is within applying linear formulations that sufficiently serve as different 
non-linear development. This is achieved by using several different techniques [103]. The key 
features of DER-CAM are presented in Figure 79. 

The key inputs of DER-CAM are [103]: 
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o End-use load profiles of a site on an hourly basis for a year, including hot water, cooling, 
natural gas, space heating, refrigeration, and electric loads. 

o Price data including default electricity tariff of a site and prices for natural gas, etcetera. 

o Capital costs, fuel costs, and operation and maintenance costs of numerous 
technologies, including interest rate on investments for customers. 

o Fundamental physical properties of different heat recovery, cooling, and generating 
technologies. This also covers the thermal-electric ratio, used to present the available 
residual heat based on the electric output of the generator. 

o Facts about the topology of the site and the distributed heating infrastructure. This only 
considers multi-node models. 

The key outputs of DER-CAM are [103]: 

o Accurate cost analysis of end-use loads from the supply side. 

o Accurate analysis of carbon dioxide emissions related to end-use loads from the supply 
side. 

o Optimally selects distributed energy resources for installation. 

o Identification of the optimal location of distributed energy resources as a part of the 
microgrid (applied to multi-node models). 

o Presentation of which point and in what way the distributed energy resources should be 
sent out, with the purpose to find the highest economic performance and meet the targets 
of reaching reliability and resiliency. 
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Figure 79. Key features of DER-CAM [378]. 

 
9.2.41 Short Description of Plan4DE 
 
Plan for District Energy or Plan4DE is a modelling tool based on Excel, used to provide support 
in deciding the feasibility of district energy for a selected area (district or neighbourhood). The 
evaluation is based on the planned or already existing form for the certain district area. The 
model will serve as a useful tool for planners to identify the connection between energy 
demand, built form, and the possible implementation of district energy [379]. 
  
With Plan4DE, quick calculations can be made to estimate heat demand, district heat demand 
density, and district energy costs for the selected area. The model is highly suitable in terms of 
identifying the consequences of any built form for the potential of district energy. Moreover, it 
can serve as a basis for planners to realise the effect of making modifications to the built form, 
regarding changes of land use or building densities [379]. 
 
The model interface offers the user to enter the suggested district size and building mix. 
Moreover, the resulting total heat demand can be obtained, together with the district heat 
density and a cost comparison with individual heating. Results can be simply compared when 
input variables are changed for the building mix. This assists the progress of developing and 
evaluating different scenarios in the building mix in an efficient way. The scenarios can vary 
depending on land use or plans for development [379]. 
 
Furthermore, in the decision-making process of future built environments, Plan4DE can be 
highly suitable for planners to explore the trade-off that occurs at the building level, when 
planning for decreased energy use and at the same time deal with an increased energy density 
with the objective to increase the possibility to implement district energy. There are three 
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versions available called: Basic, Intermediate, and Advanced. The advanced version can be 
modified to personal expectations and is therefore fully unlocked [379]. 
 
9.2.42 Purposes with the Plan4DE Software 
 
There are a number of inputs to the model, such as [380]: 
 

o Climate zone 
o District area 
o Total building floorspace (for each building type) 
o Total number of buildings (for each building type) 

 
The following outputs are provided [380]: 
 

o Cost comparison 
o Density threshold cost curve 
o Emissions 

 
The tool operates based on three main functions, as follows [380]: 
 

o Heat demand – the total heat demand is estimated on an annual basis for the selected 
district area. 

 
More specifically, the total annual heat demand is given by the following calculation: 
 
Total building floorspace per building use type (m2) multiplied by the associated energy use 
intensity for heat. This is performed for each type of building use [89]:  
 

o Optimisation – The district energy technology can be optimised. It can be based on 
either costs or lifetime in order to supply the calculated heat demand. 

 
The model is able to calculate and choose the most cost-effective technology or find a 
combination of multiple technologies to cover the required total heat demand. 
 
For the district energy system, the costs can be calculated based on [380]: 
 

o Operation & Maintenance costs 
o Fixed costs  
o Capital costs 
o Fuel costs 
o Emissions costs 
o Power revenue (if combined heat and power is used) 
o Network costs 
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For individual heating, all of the above-mentioned costs can be calculated except for power 
revenue and network costs. 
 

o Comparison – The district energy cost is estimated in comparison to a business-as-usual 
cost based on individual heating. 

 
The total cost for individual heating and district energy is provided on an annual basis. The 
system lifetime is given for a user-defined number of years. 
 
There are a number of additional functions available, as following [380]: 
 

o District energy technology mix 
o Revenue generation 
o Network length 
o District energy system lifetime 
o Individual heating 
o Waste heat and industrial heat demand 
o Currency 

 
There are certain limitations to observe with the model. To begin with, the model does not 
consider thermal storage capacity. Moreover, the tool is not suitable to determine feasibility. 
Therefore, Plan4DE is not able to evaluate if the district energy system is feasible from an 
economic point of view. The tool is more suitable for planners by performing cost comparisons 
to compare the costs for individual heating compared to a district heating system. A detailed 
description of Plan4DE is provided at [380]. 
 


